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Preface 

Advanced  materials  such  as  polymer  matrix  composites,  high  temperature  and  low  density  aluminum  alloys  and  titanium 
alloys  are  being  used  in  combination  in  military  aircraft.  Environmental  degradation  decreases  mechanical  integrity,  reduces 
service  life  and  increases  the  life  cycle  costs  of  these  systems.  Methods  of  corrosion  detection  and  management  must  be 
established  for  enhanced  longevity  of  current  and  future  NATO  aircraft. 

At  the  79th  Meeting  of  the  Structures  and  Materials  Panel  of  AGARD,  the  SMP  held  a  Specialists’  Meeting  on  Corrosion 
Detection  and  Management  of  Advanced  Airframe  Materials.  The  purpose  of  the  Specialists’  Meeting  was  to  present  the 
current  knowledge  base  of  corrosion,  degradation,  detection  and  prevention  and  to  identify  the  research  and  development 
issues  which  must  be  addressed  in  order  to  ensure  long  service  life  and  low  maintenance  costs  of  NATO  aircraft.  The  meeting 
concentrated  on: 

—  Corrosion  Detection 

—  Test  Methodology  for  Environmental  Assessment 

—  Mechanistic  Evaluation 

—  Corrosion  Prevention  Methods 

—  Materials  Selection  and  Design  to  Prevent  Environmental  Degradation 

The  Specialists’  Meeting  involved  four  sessions: 

—  Corrosion  Behavior  of  Aircraft  Materials-General 

—  Methods  of  Detection 

—  Prevention 

—  Recent  Field  Experience 

On  behalf  of  the  Structures  and  Materials  Panel,  we  would  like  to  thank  the  authors,  session  chairmen  and  technical 
evaluation  reporters  whose  participation  made  possible  the  success  of  the  Specialists’  Meeting. 

Dr.  E.A.  Starke,  Jr. 

Dr.  J.  Waldman 

Co-Chairmen,  Sub-Committee  on 
Corrosion  Detection  and  Management 
of  Advanced  Airframe  Materials 

Preface 

Les  materiaux  avances  tels  que  les  materiaux  composites  a  matrice  de  polymere  et  les  alliages  d’aiuminium  et  de  titane  de 
faible  densite  et  de  haute  temperature  sont  utilises  en  combinaison  dans  la  construction  des  avions  militaires.  La  degradation 
occasionn6e  par  les  conditions  ambiantes  a  pour  effet  la  diminution  de  I’intSgrit^  mdcanique,  la  reduction  de  la  durde  de  vie  et 
I’augmentation  du  cout  complet  d’ utilisation  de  ces  systemes.  Des  mdthodes  de  detection  et  de  gestion  de  la  corrosion  doivent 
etre  etablies  afin  de  prolonger  la  duree  de  vie  des  avions  actuels  et  futurs  de  I’OTAN. 

Lors  de  sa  79'^"*  reunion,  le  Panel  AGARD  des  structures  et  materiaux  (SMP)  a  organise  une  reunion  de  sp6cialistes  sur  la 
detection  de  la  corrosion  et  la  gestion  des  matdriaux  entrant  dans  la  construction  des  cellules.  Cette  reunion  a  eu  pour  objet  de 
presenter  I’etat  actuel  des  connaissances  dans  le  domaine  de  la  corrosion,  la  degradation,  la  detection  et  la  prevention,  ainsi 
que  d’identifier  les  voies  de  recherche  et  developpement  qui  seraicnt  a  suivre  afin  d’assurer  la  longevite  et  la  diminution  des 
couts  de  maintenance  des  avions  de  I’OTAN.  La  reunion  a  examine  les  question  suivantes  : 

—  la  detection  de  la  corrosion 

—  les  methodologies  de  test  pour  revaluation  de  I’environnement 

—  revaluation  mecanistique 

—  les  mdthodes  de  prevention  de  la  corrosion 

—  le  choix  des  materiaux  et  des  methodes  de  conception  pour  empecher  la  degradation  occasionnde  par  les  conditions 
ambiantes 

La  reunion  de  spdcialistes  s’est  deroulee  en  quatre  sessions  : 

—  le  comportement  en  corrosion  des  materiaux  entrant  dans  la  construction  des  aeronefs  —  gen^ralites 

—  les  m6thodes  de  detection 

—  la  prevention 

—  I’experience  recente  sur  le  terrain 

Au  nom  du  Panel  des  structures  et  materiaux,  nous  tenons  a  remercier  les  auteurs,  les  presidents  de  session  et  les  rapporteurs 
d’evaluation  technique,  dont  la  participation  a  assure  la  reussite  de  cette  reunion  de  specialistes. 
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TECHNICAL  EVALUATION  REPORT 
R.  Doruk 

Metallurgical  Engineering  Department 
METU  06531  ANKARA  TURKEY 

and 

R.L.  Thomas 

Institute  for  Manufacturing  Research 
Wayne  State  University 
Detroit,  Michigan  48202  USA 

1.  SUMMARY 

This  paper  presents  a  technical  evaluation  of  the  Specialists'  Meeting  on  "Corrosion  Detection 
and  Management  of  Advanced  Airframe  Materials,  held  at  the  79th  meeting  of  the  AGARD  Structures 
and  Materials  Panel  on  October  3-7, 1994  in  Sevilla,  Spain. 

2.  INTRODUCTION 

The  task  of  maintaining  the  airworthiness  of  aircraft  in  corrosive  environments  is  a  challenging 
one,  both  for  the  military  and  civilian  operators.  Decreases  in  defense  spending  have  placed  severe 
constraints  on  replacement  acquisitions  of  military  aircraft,  and  in  turn,  these  constraints  represent  a  de 
facto  decision  to  maintain  the  airworthiness  of  currently  operating  military  aircraft  over  unprecedented 
extend  life  spans.  Aircraft  which  were  originally  designed  for  operating  lives  in  the  range  20-30  years 
are  now  anticipated  to  be  in  service  for  life  spans  of  60-80  years  (Nieser,  Paper  23).  If  one  considers 
the  current  distribution  of  the  aging  (>20  yrs)  USAF  fleets,  it  is  clear  that  several  (most  notably  the 
C/KC-135  fleet)  are  already  well  beyond  their  original  design  lifetimes.  The  magnitude  of  the 
projected  life  extension  of  such  military  aircraft  calls  for  a  very  diligent  consideration  of  new  technical 
problems  associated  with  the  combined  effects  of  wide  spread  corrosion  and  fatigue  damage. 
Problems  associated  with  corrosion  are  also  important  in  ensuring  long  service  life  and  low 
maintenance  costs  of  current  and  future  NATO  aircraft,  for  which  advanced  airframe  materials  are 
increasingly  being  utilized.  Composite  materials  and  high  performance  alloys  are  now  frequently  used 
in  combination,  and  such  usage  raises  additional  technical  problems  which  must  be  addressed.  The 
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goal  of  this  AGARD  workshop  was  to  provide  a  forum  for  discussions  and  information  exchange  by 
specialists  in  the  areas  of  nondestructive  inspection  for  corrosion,  test  methodology  for  accelerated 
laboratory  simulation  of  long-term  corrosion,  mechanical  testing  for  the  combined  effects  of  corrosion 
and  fatigue,  environmentally  compliant  corrosion  protection,  and  in-service  field  experience,  on  both 
aging  (i.e.  >20  yrs)  and  new  aircraft. 

3.  CONTENTS  OF  PRESENTATIONS 

3.1  Corrosion  Behavior  of  Aircraft  Materials  -  General 

A  series  of  papers  presented  data  on  several  aspects  of  corrosion  of  aluminum-lithium  airframe 
alloys,  including  8090-T81,  and  2091-T84  sheet  materials  ,  as  well  as  8090-T8171,  2090-T8E41  and 
2901-T8X51  plates.  Smith  et  al  (Paper  1)  and  Braun  (Paper  2)  have  independently  concluded  that 
8090-T81  sheets  are  susceptible  to  exfoliation  corrosion.  Smith  et  al  conclude  that  this  problem  is 
particularly  severe  in  non-recrystalized  material  where  the  grains  are  very  elongated.  Furthermore, 
both  groups  also  demonstrated  that  the  exfoliation  corrosion  which  occurs  under  marine  exposure 
conditions  on  this  material  can  be  reproduced  in  the  laboratory  using  the  intermittent  acidified  salt  fog 
test  (the  so-called  MASTMAASIS  test).  Such  laboratory  testing  also  indicated  that  8090-T81  and 
2091-T84  sheet  materials  are  sensitive  to  stress  corrosion  cracking.  Similar  studies  on  8090-T8171 
and  2901-T8X51  plates  yielded  the  conclusion  that  there  is  little  environmentally  assisted  cracking 
when  the  stress  is  applied  in  the  longitudinal  and  long  transverse  directions,  but  that  when  loaded  in 
the  short  transverse  direction,  both  plate  materials  are  susceptible  to  stress  corrosion  cracking,  with 
threshold  stresses  below  100  MPa.  Observations  by  Doruk  on  the  2090  plates  (Paper  3)  indicated  that 
there  is  no  significant  orientation-dependence  of  fatigue-crack  growth  behavior,  but  that  long-term 
aging  has  a  pronounced  effect  on  the  growth  kinetics,  with  an  observed  acceleration  of  up  to  8-fold 
following  aging  for  1000  hr.  The  latter  studies  indicated  that  crack  growth  may  be  impeded  either  by 
the  passivation  of  the  crack  front  under  the  effect  of  high  anodic  currents  or  the  removal  of  hydrogen 
ions  from  the  crack-tip  region,  resulting  in  a  retardation  of  hydrogen  embrittlement.  Studies  by 
Lenard  et  al  (Paper  8)  suggest  that  electrochemical  impedance  spectroscopy  (EIS)  can  be  a  useful 
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technique  for  rapidly  assessing  the  relative  corrosion  resistance  of  different  aluminum  alloys.  Using 
these  techniques,  the  authors  found  that  8090-T851  material  undergoes  severe  intergranular  cracking, 
associated  with  the  pitting  initiated  at  the  edges  of  the  specimens,  and  concluded  that  unless  care  is 
taken  to  seal  the  edges  of  components  made  from  this  material  and  to  deny  access  of  sea  water  to 
crevices,  then  corrosion  failures  can  be  expected  to  occur  even  though  exposed  surfaces  of  the  ally 
may  appear  undamaged.  Their  data  indicate  that  2090  sheet  appears  to  be  more  resistant  to  corrosion 
at  the  edges  than  is  7075  material,  and  that  the  corrosion  of  the  rolled  surfaces  of  the  2090  sheet  can 
easily  be  controlled  by  the  proper  application  of  protective  coatings. 

Two  papers  were  devoted  to  the  corrosion  behavior  of  steel  alloy  materials,  one  (Lee  et  al,  Paper 
4)  dealing  with  landing  gear  steels,  the  second,  (Spiridonov  and  Sharapov,  Paper  5  )  considering  the 
behavior  of  stainless  maraging  steels.  Of  the  five  landing  gear  steels  studied,  AF1410  steel  was  found 
to  be  most  resistant  to  stress  corrosion  cracking,  with  its  higher  strength  derivative,  AerMet  100,  being 
next.  The  AerMet  100  steel  was  found  to  have  a  better  combination  of  high  fracture  toughness  and 
high  tensile  strength  than  AF1410,  and  was  found  to  be  less  susceptible  to  hydrogen  embrittlement 
than  300M  steel,  one  of  the  materials  which  has  been  used  in  the  past  for  highly  loaded  structural 
components  in  US  Navy  aircraft.  The  study  of  stainless  Cr-Ni  "maraging"  steels,  i.e.,  steels 
strengthened  by  transformation  of  austenite  to  martensite,  followed  by  aging  of  the  martensite  matrix, 
found  satisfactory  agreement  with  a  model  which  suggests  an  accelerated  testing  for  susceptibility  to 
stress  corrosion  cracking  using  an  alternating  electrochemical  polarization  technique.  The  study 
concluded  that  exposure  of  stainless  Cr-Ni  steels  to  nitrogen  tetraoxide  produces  corrosion  damage  in 
the  form  of  intergranular  oxidizing  embrittlement,  a  model  for  which  was  discussed  by  Spiridonov  and 
Sharapov  (Paper  5). 

Throughout  the  Specialists’  Meeting,  it  was  noted  that  galvanic  damage  is  possible  in  multi¬ 
material  assemblies.  Taylor  and  Cahen  (Paper  6)  studied  the  detection  and  analysis  of  this  type  of 
damage  for  bismaleimide  (BMI)-graphite  fiber  composites  when  galvanically  coupled  to  an  active 
metal  such  as  aluminum,  a  situation  which  occurs  more  and  more  frequently  in  modern  aerospace 
structures.  Cathodic  polarization  of  such  material  was  found  to  degrade  the  fiber/matrix  interface. 
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producing  a  porous  interface  which  can  be  observed  via  sensitive  EIS  techniques.  Although  the 
prevailing  view  prior  to  this  research  has  speculated  that  hydroxyl  ion  production  may  be  the 
damaging  species  in  this  phenomenon,  the  research  presented  in  Paper  6  indicates  that  oxygen 
reduction  reaction  intermediates  may  in  fact  play  a  key  role  in  the  damage.  Additionally,  although 
titanium  has  a  smaller  galvanic  coupling  to  BMI-graphite  fiber  material,  their  experimental  findings 
indicate  that  the  galvanic  coupling  is  not  necessarily  benign  in  this  case,  either,  and  should  be  studied 
further  as  a  function  of  temperature  and  in  the  presence  of  crevices. 

3.2  Methods  of  Detection 

The  task  of  detecting  corrosion  in  aircraft  structures  is  an  important  one,  and  in  light  of  the  fact 
that  the  corrosion  is  often  hidden  beneath  the  surface  of  the  structure,  it  is  also  a  challenging  one.  The 
role  of  nondestructive  evaluation  (NDE)  is  essential  in  ensuring  airworthiness  of  aircraft  whose  age 
approach  design  lifetimes,  or  whose  environmental  operating  conditions  diverge  from  those  under 
which  major  airframe  static  and  fatigue  tests  to  verify  those  lifetimes  may  have  been  conducted.  New 
challenges  are  presented  as  new  materials,  such  as  aluminum-lithium  alloys  and  various  composites 
are  used.  As  noted  by  Bruce  (Paper  9),  utilization  of  NDE  can  only  be  relied  upon  to  ensure  safety 
once  it  has  been  demonstrated  to  be  effective,  with  a  standard  introduced  by  the  USAF  some  years  ago 
as  part  of  its  damage  tolerance  procedures  requiring  a  "probability  of  detection"  (POD)  of  90%  to  be 
demonstrated  at  the  95%  confidence  level  at  the  desired  detection  level.  These  procedures  have  been 
applied  successfully  for  the  detection  of  fatigue  cracks,  but  are  more  difficult  to  apply  to  the  case  of 
corrosion  damage,  since  comparable  information  on  the  reliability  of  corrosion  detection  NDE 
methods  is  not  yet  available. 

Several  authors  broadly  reviewed  the  current  status  of  NDE  of  aircraft  structures  for  hidden 
corrosion,  e.g.,  Bruce  (Paper  9),  Winfree  et  al  (Paper  16),  Agarwala  et  al  (Paper  19),  and  Nieser  (Paper 
23).  As  noted  in  Paper  19,  current  methods  can  require  over  1,000  man-hours  of  disassembly, 
inspection,  and  reassembly  for  areas  that  cannot  be  inspected  in-situ.  Thus,  disassembly  remains  a 
high  priority  research  and  development  issue.  Traditional  techniques  for  subsurface  inspection  include 
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eddy  current,  ultrasonic,  and  radiographic  methods.  Winfree  et  al  (Paper  16)  summarized  the 
comparative  features  of  four  techniques  as  follows:  eddv  current  -  capable  of  determining  material 
loss  in  first  and  second  layers;  ultrasonic  -  capable  of  accurate  quantification  of  material  loss  in  the 
first  layer  of  the  structure;  thermal  (a  large-area  technique  ,  capable  of  locating  regions  with  10%  or 
more  material  loss;  and  X-rav  -  for  detection  throughout  the  full  thickness  of  the  structure.  Two 
emerging  techniques  for  rapid,  wide-area  inspection  for  subsurface  corrosion  were  discussed  in  some 
detail  during  the  Meeting:  an  optical  double  pass  retroreflection  surface  inspection  technique  (D- 
sight),  described  in  detail  by  Komorowski  et  al  (Paper  7),  and  infrared  thermal  wave  imaging 
techniques,  presented  briefly  by  Winfree  et  al  (Paper  16)  and  Agarwala  et  al  (Paper  19).  The  D-sight 
technique  might  seem  to  be  limited  to  surface  corrosion,  but  because  of  the  fact  that  it  is  very  sensitive 
to  the  surface  bulging  ("pillowing")  effects  caused  by  the  confinement  of  subsurface  corrosion 
products,  the  authors  conclude  that  it  has  good  potential  for  lap  splice  subsurface  corrosion  detection. 
Data  were  presented  which  compared  the  technique  favorably  to  results  using  X-ray,  shadow  Moire, 
and  eddy  current  inspections  of  a  series  of  test  specimens  exposed  to  accelerated  corrosion.  Thermal 
wave  imaging  was  also  presented  as  a  rapid,  wide-area  inspection  technique,  capable  of  imaging 
subsurface  corrosion  in  lapsplices,  tear  straps  and  other  areas  of  aircraft  fuselages.  Thermal  wave 
images  of  pitting  and  exfoliation  corrosion  in  the  vicinity  of  wing  fasteners  were  shown  as  preliminary 
indication  of  the  utility  of  the  NDE  technique  for  such  difficult  corrosion  damage  inspection  tasks. 
The  difficulty  of  the  inspection  was  presented  by  Heida  and 't  Hart  (Paper  11),  who  studied  the  eddy 
current  detection  of  pitting  corrosion  around  fastener  holes  on  F-16  lower  wing  skins,  and  concluded 
that  despite  its  high  sensitivity,  the  corrosion  clean-up  limit  of  only  1.5  -  2.5%  (0.08  -  0.32  mm),  the 
eddy  current  technique  is  considered  not  applicable  for  in-service  depth  assessment  of  countersink 
edge  corrosion  in  such  skins.  Smart  and  Weetman  (Paper  10)  presented  data  from  laboratory  trials 
that  have  shown  that  electrochemical  noise  and  impedance  monitoring  techniques  can  be  used  for  the 
detection  and  characterization  of  corrosion  processes.  They  installed  a  prototype  monitoring  system  in 
an  aircraft  and  used  it  to  monitor  the  localized  corrosion  activity  occurring  in  specific  areas  of  the 
aircraft.  Considerable  progress  has  been  made  in  recent  years  in  establishing  reliable  NDE  methods 
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for  the  detection  of  corrosion  and  environmental  degradation  of  composite  materials  in  aircraft.  The 
complexity  of  the  problems,  the  increasing  age  of  aircraft  fleets,  and  the  increasing  use  of  new 
materials  and  combinations  of  materials,  suggests  that  corrosion  detection  in  airframe  materials  should 
remain  a  high  priority. 

3.3  Prevention 

In  addition  to  the  corrosive  effects  of  exposure  to  salt  water,  high  humidity,  and  atmospheric 
pollutants,  military  aircraft  are  exposed  to  a  wide  variety  of  corrosive  chemicals  used  in  maintenance 
and  operational  activities.  The  current  status  of  organic  coating  technology  for  protection  against  such 
environmental  exposure  was  reviewed  by  Hegedus  and  Spadafora  (Paper  17),  who,  along  with  Matz 
(Paper  15),  pointed  out  the  special  challenges  presented  by  the  need  to  eliminate  carcinogenic 
chromates  and  cadmium,  and  hexavalent  chromium,  all  proven  to  be  particularly  effective  in  current 
coating  technology.  Other  environmentally  compliant  coatings  issues  relate  to  the  minimization  of 
volatile  organic  compounds  and  halogenated  solvents.  A  self-priming  topcoat,  satisfying  these 
requirements,  has  been  used  successfully  by  the  U.S.  Navy  and  Air  Force.  Hamm  (Paper  14) 
discussed  the  corrosion  protection  of  dissimilar  materials,  with  the  example  of  earbon  fiber 
eomposite/metal  joints  in  integral  fuel  tank  structures  on  advanced  military  aircraft.  Non-adhesive 
sealing  tapes  have  been  adopted  for  application  on  faying  surfaces  of  some  such  joints,  combined  with 
glass  fiber  scrim  and  polyurethane  primer  on  the  CFC  side  of  the  joint. 

3.4  Recent  Field  Experience 

Recent  field  experience  was  reported  by  Agarwala  et  al  (Paper  19),  Voss  (Paper  20),  Browne 
(Paper  21),  Frustie  and  Gautier  (Paper  22),  and  Nieser  (Paper  23).  The  review  by  Browne  pointed  out 
that  the  U.S.  Navy  operates  more  aircraft  containing  carbon  epoxy  composite,  new  aluminum 
alloy/tempers  and  steels  in  the  naval  operating  environment  than  any  other  organization  in  the  world. 
The  operating  conditions  cover  wide  ranges  of  temperature,  exposure  to  sea  water,  and  the  general 
problems  associated  with  world-wide  atmospheric  pollution,  and  thus  provide  a  material  testing  lab 
that  is  second  to  none.  Among  the  field  problems  surveyed  by  Browne  were  composite  degradation 
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resulting  from  attachment  to  conventional  alloys,  and  water  ingress.  One  class  of  problems  was 
associated  with  the  necessity  of  providing  electromagnetic  interference  (EMI)  shielding  -  leading  to 
inevitable  galvanic  corrosion  problems,  which  were  met  by  the  development  of  a  conductive  , 
corrosion  inhibiting  sealant:  polythioether,  filled  with  Ni-coated  carbon  fibers.  Initial  experience  on 
this  sealant  seems  promising.  He  also  provided  examples  of  corrosion  on  steel  fasteners,  A1 
components,  and  crevices.  Air  Force  field  experience,  reported  by  Nieser,  was  concentrated  on  the 
combined  effects  of  wide  spread  corrosion  damage  and  wide  spread  fatigue  damage,  the  effects  of 
which  on  structural  integrity  are  not  currently  fully  understood.  As  exemplified  by  the  C/KC-135 
fleet,  which  is  scheduled  to  operate  to  the  year  2040.  This  aircraft  has  a  unique  construction  (spot- 
welded  lap  joints/doublers)  which  makes  it  very  susceptible  to  hidden  corrosion.  Such  corrosion  is 
said  to  be  a  real  problem  in  the  field  today,  and  will  worsen  as  the  fleet  continues  to  age.  A  major 
corrosion  program  is  currently  underway  by  the  Air  Force,  Navy,  FAA,  NASA,  industry,  and 
academia  to  address  this  problem.  Preliminary  results  of  the  program  were  discussed. 

4.  CONCLUSIONS 

1.  Corrosion  detection  and  management  is  a  problem  of  growing  significance,  because  of  the  aging 
of  the  world's  existing  aircraft  fleets,  the  pervasiveness  of  corrosive  environments  in  which  they 
must  operate,  and  the  comparatively  limited  experience  in  assessing  the  structural  effects  of  wide¬ 
spread  corrosion. 

2.  New  materials,  both  alloys  and  composites,  and  combinations  of  these  materials  in  aircraft 
structures,  present  new  challenges  for  the  detection  and  management  of  corrosive  degradation. 

3.  Of  the  various  techniques  for  accelerated  corrosion  testing  of  aluminum  alloy  materials,  the  cyclic 
acidified  salt  fog  (MASTMAASIS  test  according  to  ASTM  G85,  Annex  A2)  appears  best  to 
reproduce  marine  exposure  results  for  conventional  materials  and  sees  also  to  be  a  promising 
testing  technique  to  predict  the  service  performance  of  high  strength  aluminum-lithium  based 
alloys. 
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4.  There  exist  a  variety  of  inspection  techniques  for  the  detection  of  hidden  corrosion,  each  having 
complementary  benefits  with  respect  to  the  other.  Several  emerging  inspection  techniques  show 
promise  for  more  rapid  and  more  quantitative  detection  of  hidden  corrosion.  A  challenge  remains 
to  develop  assessments  of  the  reliability  with  which  these  methods  can  be  applied. 

5.  The  careful  utilization  of  coatings  technology  plays  an  important  role  in  the  prevention  of 
corrosion.  Many  of  the  most  effective  treatments  are  not  environmentally  benign,  however,  and 
while  good  progress  has  been  made,  the  replacement  treatments  should  be  improved  through 
additional  research  and  development. 

5.  RECOMMENDATIONS 

1.  This  AGARD  workshop  should  be  repeated  in  about  four  years.  Possible  new  problems 
associated  with  operation  of  aging  aircraft  and  more  wide-spread  introduction  of  new  materials 
should  be  addressed  periodically. 

2.  The  AGARD  community  should  participate  actively  in  the  ongoing  aging  aircraft  programs  aimed 
at  understanding  the  fundamentals  of  the  corrosion  of  aerospace  materials,  the  development  of 
corrosion  protection  coatings,  and  the  development  and  application  of  nondestructive  inspection 


for  hidden  corrosion. 
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1.  SUMMARY 

The  corrosion  and  stress  corrosion  cracking  behaviour 
of  8090-T81  and  2091-T84  sheet  and  8090-T8171  plate 
aluminium  -  lithium  alloys  tested  under  laboratory  and 
marine  exposure  conditions  are  compared  with 
aerospace  aluminium  alloys  currently  in  service.  Initial 
results  are  also  presented  on  the  corrosion  performance 
of  a  metal  matrix  composite  aluminium  alloy.  The 
corrosion  protection  of  aluminium  -  lithium  alloys  is 
discussed  and  progress  on  the  development  of 
chromate-free  systems  and  their  application  to  advanced 
aluminium  alloys  is  described. 

2.  INTRODUCTION 

One  of  the  main  advances  in  aerospace  structural 
metallic  materials  during  the  last  twenty  years  or  so  has 
been  the  development  of  aluminium  -  lithium  alloys. 
The  original  targets  set  were  to  produce  materials 
which  matched  the  performance  of  conventional  2000 
and  7000  series  aluminium  -  copper  and  aluminium  - 
zinc  -magnesium  alloys  whilst  giving  significant 
reductions  in  density  and  improvements  in  stiffness. 
International  Conferences  held  between  1980  and  1992 
have  mapped  the  advances  made  in  the  production, 
fabrication  and  physical  metallurgy  of  these  materials. 
The  AGARD  meeting  held  in  Mierlo  in  1988  (1) 
reviewed  progress  being  made  throughout  the  NATO 
countries  on  aerospace  materials,  in  particular 
aluminium  -  lithium  alloys.  Individual  components  and 
structures  for  advanced  airframes  are  now  being 
designed  and  manufactured  from  these  alloys  (2). 

A  second  area  where  significant  progress  has  been 
made  in  lightweight  aerospace  materials  is  metal  matrix 
composite  (MMC)  materials.  Developments  include  the 
use  of  continuous  fibres,  short  fibres,  whiskers  and 
particles  to  give  reinforcement.  Silicon  carbide 
reinforced  aluminium  alloy  MMC  materials  are 
currently  being  evaluated  for  various  aerospace 
applications.  The  gains  in  stiffness  and  strength  are 
modest  in  comparison  with  what  can  be  achieved  from 
the  use  of  continuous  fibres  but  more  uniformally 
isotropic  properties  may  be  developed. 

The  corrosion  and  protection  of  advanced  aerospace 
materials  are  important  factors  controlling  the  lifecycle 


costs  of  military  aircraft.  Estimates  published  by  Kinzie 
(3)  for  the  USAF  indicate  that  aging  airframes  require 
a  high  level  of  corrosion  control  maintenance  and 
repair  if  they  are  to  remain  airworthy.  Problems  are 
not  necessarily  confined  to  older  aircraft.  Examples 
have  been  found  of  corrosion  developing  on  aircraft 
after  relatively  short  periods  in  service.  Before  new 
materials  can  be  introduced  it  is  essential  that  a 
detailed  study  is  made  of  factors  influencing  the 
corrosion  behaviour.  The  effectiveness  of  eurrently 
used  schemes  must  also  be  established.  A  further 
consideration  is  the  need  to  replace  chromate  based 
pretreatments  and  paints  with  materials  which  will  meet 
future  environmental  legislation. 

This  paper  presents  the  results  of  studies  made  on  the 
corrosion  and  stress  corrosion  of  two  commercially 
produced  sheet  aluminium  -  lithium  alloys  and  a  plate 
aluminium  -  lithium  alloy.  Emphasis  is  given  to  the 
corrosion  behaviour  under  marine  exposure  conditions. 
Some  early  results  are  also  given  relating  to  an 
aluminium  -  copper  based  MMC  material  strengthened 
with  silicon  carbide  particles. 


3  MATERIALS 

Details  of  the  compositions  and  heat  treatments  of  the 
two  sheet  and  plate  aluminium  -  lithium  alloys 
investigated  are  given  in  table  1 . 

The  alloys  were  prepared  commercially  and  in  the  case 
of  the  8090  sheet  and  plate  materials  were  supplied  in 
the  heat  treated  condition.  The  2091  sheet  was  obtained 
in  the  T3  condition  and  was  aged  to  give  the  T84 
temper.  For  comparison  several  conventional  2000  and 
7000  series  aluminium  alloys  were  also  examined  and 
details  of  these  are  included  in  table  1 . 

A  commercially  produced  aluminium  based  metal 
matrix  composite  was  also  evaluated.  The  material  was 
available  as  plate  and  the  matrix  composition  (table  1) 
was  equivalent  to  2124.  The  volume  percentage  silicon 
carbide  was  17%  and  the  average  particle  size  was 
3/nm.  An  extruded  2124  alloy  was  included  in  the 
programme  whieh  had  been  prepared  using  a  powder 
metallurgy  route. 


Paper  presented  at  the  79th  Meeting  of  the  AGARD  Structures  and  Materials  Panel  on  "Corrosion  Detection  and 
Management  of  Advanced  Airframe  Materials”  held  in  Seville,  Spain,  5-6  October  1994. 
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Table  1  Compositions  and  tempers  of  alloys  investigated 


Alloy 

Composition  -  weight  percentage 

Li 

Cu 

Zr 

Si 

Fe 

Zn 

Mn 

SHEET 

8090 

T81 

2.43 

1.02 

0.88 

0.05 

0.01 

0.04 

2091 

T84 

1.77 

1.76 

1.31 

0.07 

0.02 

0.02 

2024 

T3 

4.14 

1.50 

2014 

T6 

4.40 

0.50 

0.74 

0.29 

PLATE 

8090 

T8171 

2.45 

1.13 

0.71 

0.14 

0.01 

0.04 

2124 

MMC 

4.16 

1.62 

0.10 

0.15 

0.19 

0.29 

0.6 

4.  CORROSION  BEHAVIOUR  UNDER 
MARINE  EXPOSURE 

4.1  Corrosion  Resistance 

4.1.1  Aluminium  -  lithium  Sheet 

Coupons  75nim  X  50  mm  cut  from  sheet  8090-T81  and 
2090-T84  aluminium  -  lithium  alloys  together  with 
various  control  samples  were  placed  on  test  at  the 
Exposure  Trials  Station  at  Eastney  in  September  1991 
and  in  December  1991.  Prior  to  testing  the  coupons 
were  degreased  and  weighed.  The  eoupons  were 
mounted  on  wooden  frames  using  ceramic  bushes  so 
that  the  longer  dimension  was  in  the  vertical  plane.  The 
frames  faced  due  south  and  were  inclined  at  an  angle 
of  45“  to  the  ground.  The  frames  were  positioned  so 
that  all  the  eoupons  were  at  least  1  metre  above  ground 
level  and  were  within  100  metres  of  high  water  on  both 
the  east  and  west  sides  of  the  exposure  site.  Three 
coupons  of  each  alloy  type  were  returned  to  DRA 
(Farnborough)  after  approximately  6,  12,  18  and  24 
months  exposure  for  metallographic  examination. 

Examination  of  the  8090-T81  eoupons  showed  the 
presenee  of  well  defined  blisters  after  6  months 
exposure.  Evidence  of  eorrosion  pitting  was  found  on 
the  2014-T6  control  alloy  placed  on  test  at  the  same 
time.  Tests  on  the  2091-T84  alloy  eommenced  at  a 
later  date  but  after  6  months,  evidence  of  corrosion 
attack  was  found  on  the  underside  of  the  eoupons.  At 
the  end  of  the  24  months  exposure  a  large  number  of 
exfoliation  blisters  were  visible  on  the  8090-T81  sheet. 
Blisters  were  also  apparent  on  the  2091-T84  coupons. 


Table  2  Weightloss  and  pitting  data  for  2124  MMC  material  and 
controls  following  18  months  marine  exposure. 


Alloy 

Weightloss 

(mg/cm^) 

Average 

Pitting 

Depth 

Average 

Pitting 

Density 

pits/cm^ 

2024-T4 

6.4 

38.5 

18 

2124  PM 

12.3 

51.4 

15 

2124  MMC 

8.1 

32.6 

30 

Estimates  have  been  made  of  the  depth  of  attack  from 
the  metallographic  sections  and  the  most  probable  depth 
of  attack  computed  from  the  deepest  10%  using 
extreme  value  statisties.  Results  obtained  are  shown  in 
fig.l.  Ineluded  are  data  for  sheet  2024-T3  alloy 
obtained  from  earlier  exposure  trials.  The  results 
indicate  that  the  depths  of  attack  are  similar  for  the  two 
commereial  sheet  aluminium  -  lithium  alloys  and  lie 
between  the  two  control  alloys.  However  the  number 
of  sites  of  attack  is  far  fewer  in  the  case  of  the  2091- 
T84  than  for  the  8090-T81  alloy. 

Weightlosses  were  measured  for  the  two  control  alloys 
which  showed  predominately  pitting  and  intergranular 
attack.  Weight  gains  however  were  recorded  for  the 
aluminium  -  lithium  alloy  coupons  resulting  from 
trapped  eorrosion  products. 

4.1.2  Metal  Matrix  Composite 

It  was  found  that  corrosion  pits  initiated  on  the  MMC 
test  pieces  during  exposure  at  the  Eastney  marine  site 
but  subsequent  examination  of  eross  sections  showed 
that  the  pits  were  blunted  by  the  presence  of  silicon 
carbide  particles.  Data  comparing  the  average  pit 
depths,  average  pit  density  and  weight  losses  after  18 
months  exposure  are  given  in  table  2.  The  weightlosses 
are  higher  in  the  MMC  material  than  in  the  plate  2024- 
T4  control  alloy  but  the  average  depth  of  pitting  is  less. 
The  pits  formed  in  the  2124  MMC  material  are 
generally  wide,  shallow  and  open.  By  comparison  pits 
in  the  non-reinforced  materials  were  mueh  deeper  and 
the  weightlosses  higher. 

4.2  Resistance  to  Stress  Corrosion  Cracking 
4.2.1  Sheet  Aluminium  -  lithium  Alloys 

Two  sets  of  tensile  specimens  were  prepared,  one  set 
machined  with  the  stress  axis  parallel  to  the 
longitudinal  (L)  direction  and  one  set  with  the  axis 
parallel  to  the  long  transverse  (LT)  direction. 
Specimens  were  stressed  in  modified  Alcoa  rigs  which 
were  proteeted  with  a  wax  based  coating.  They  were 
placed  at  the  Eastney  marine  site  in  July  1992  and  have 
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Fig.l  Most  probable  depths  of  attack  determined  for 
sheet  coupons  exposed  in  a  marine 
environment. 
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Fig. 2  Stress  corrosion  cracking  behaviour  of  8090- 
T8171  plate.  Time  to  failure  for  specimens 
stressed  parallel  to  the  short  transverse 
direction  (ST)  and  exposed  in  a  marine 
environment. 


Fig. 3  Effect  of  marine  exposure  on  the  tensile 
properties  and  elongation  of  aluminium  - 
lithium  sheet  and  control  alloys. 


Fig. 4  Variation  in  weightloss  with  time  for  coupons 
immersed  in  600  mM/1  sodium  chloride 
solution. 
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Fig. 5  Most  probable  depth  of  attack  determined  for 
sheet  coupons  tested  by  alternate  immersion  in 
600mM/l  sodium  chloride  solution 


Fig. 6  Effect  of  sodium  chromate  concentration  on 
the  weightloss  of  aluminium  alloy  coupons 
tested  by  total  immersion  in  600mM/l  sodium 
chloride  solution. 


weightloss  of  aluminium  alloy  coupons  tested 
by  immersion  in  600  mM/1  sodium  chloride 
solution. 


Fig. 8  Leaching  behaviour  of  experimental  paint 
schemes  containing  cerium  based  pigments. 
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been  inspected  monthly  for  signs  of  cracking. 
Limitations  with  the  number  of  stress  jigs  available 
meant  that  a  complete  range  of  stresses  could  not  be 
employed.  Hence  in  the  case  of  the  8090-T81  alloy  the 
highest  stress  applied  was  125  MPa  whilst  for  2091- 
T84  a  maximum  stress  of  250  MPa  was  employed.  So 
far  no  failures  have  been  found  for  either  alloy. 

4.2.2  Plate  Aluminium  -  lithium  Alloy 

Cylindrical  tensile  bars  were  machined  from  8090- 
T8171  plate  material  with  axis  parallel  to  the  short 
transverse  direction.  Results  obtained  are  presented  in 
fig. 2.  Failures  have  occurred  at  stresses  as  low  as  40 
MPa  and  after  550  days  exposure  only  two  specimens 
remained  on  test  at  stresses  of  80  and  40  MPa. 

4.3  Effect  of  Exposure  on  Mechanical 
Properties 

4.3.1  Sheet  Aluminium  -  lithium  Alloys 

Tensile  test  pieces  with  a  12.5mm  gauge  width  were 
machined  from  the  two  aluminium  -  lithium  sheet 
alloys  and  from  2024-T3  and  2014-T6  sheet  control 
alloys.  The  test  pieces  were  mounted  in  the  same 
manner  as  the  test  coupons  described  in  4. 1 . 1  and  were 
returned  to  DRA(Famborough)  after  6,  12,  18  and  24 
months  exposure.  Sufficient  specimens  were  placed  on 
test  to  allow  triplicates  of  each  alloy  type  to  be  tested 
for  each  exposure  period.  Tensile  testing  was  carried 
out  using  a  type  1474  Zwick  Tensile  Test  machine.  The 
0.2%  proof  stress  ultimate  tensile  strength  and 
elongation  were  determined  for  each  specimen. 

Data  showing  the  effect  of  marine  exposure  on  the 
ductility  and  strength  of  2091-T84  and  8090-T81  sheet 
alloys  are  presented  in  fig. 3. 

After  6  months  exposure  a  fall  in  elongation  of  10%  to 
3%  was  recorded  in  the  case  of  the  8090-T81  sheet  and 
14%  to  4.5%  for  2091-T84  alloy.  With  longer  periods, 
however,  further  losses  in  elongation  were  relatively 
small.  The  2014-T6  control  alloy  showed  similar  losses 
in  elongation  but  the  2024-T3  sheet  alloy  maintained  a 
relatively  high  elongation  even  after  18  months 
exposure. 

Losses  in  ultimate  tensile  strength  resulting  from 
marine  exposure  were  recorded  for  both  aluminium  - 
lithium  alloys.  The  drop  in  strength  was  most  severe  in 
the  8090-T81  alloy,  435  MPa  to  350  MPa  after  12 
months  exposure.  In  the  case  of  the  2091-T84  sheet 
alloy,  the  UTS  determined  after  12  months  was  360 
MPa  which  corresponded  to  a  loss  of  strength  of  about 
60  MPa.  The  2014-T6  sheet  control  was  also  found  to 
be  susceptible  to  marine  exposure  but  the  strength  of 
the  2024-T3  was  only  marginally  reduced.  Even  after 
18  months  the  UTS  was  determined  to  be  in  excess  of 
470  MPa. 


4.3.2  Metal  Matrix  Composite 

Tensile  test  specimens  machined  from  plate  2124  MMC 
material  were  exposed  at  the  Eastney  marine  site.  Sofar 
specimens  have  been  on  test  18  months  and  the  effect 
of  exposure  on  mechanical  properties  is  summarised  in 
table  3.  The  tensile  strength  is  reduced  from  480  MPa 
to  367  MPa  after  18  months  and  the  reduction  in  area 
data  show  that  there  is  a  significant  loss  in  ductility. 


Table  3  Summary  of  mechanical  properties  of  2124  MMC 
material  after  marine  exposure 


Exposure 

time 

(months) 

0.2%  PS 
(MPa) 

Tensile 

Strength 

(MPa) 

Reduction 
in  area 

% 

0 

326 

480 

6.4 

6 

304 

401 

2.9 

12 

296 

384 

2.5 

18 

277 

367 

2.3 

5.  ACCELERATED  CORROSION  TESTS 
The  corrosion  behaviour  of  the  aluminium  -  lithium 
alloys,  the  2124  MMC  material  and  several  control 
alloys  were  assessed  using  a  series  of  accelerated 
corrosion  tests. 

5.1  Total  Immersion  Tests 

Total  immersion  tests  were  conducted  on  the  two  sheet 
aluminium  -  lithium  alloys,  8090-T81  and  2091-T84 
and  on  the  control  alloy  2014-T6.  Small  coupons  40  x 
25  mm  were  immersed  in  1 10  ml  of  600  mM/1  sodium 
chloride  solution  contained  in  polyurethane  beakers. 
Coupons  were  removed  at  various  times  upto  3  weeks, 
cleaned  by  immersion  in  chromic-phosphoric  acid 
solution  and  weighed. 

Fig. 4  shows  the  change  in  weightless  with  time.  The 
degree  of  attack  was  least  on  the  8090-T81  sheet  whilst 
the  weightlosses  recorded  for  the  2091-T84  and  2014- 
T6  materials  were  similar  after  3  weeks  immersion. 
Examination  of  the  coupons  showed  that  the  attack  was 
predominately  pitting  corrosion.  Sectioning  indicated 
that  some  intergranular  attack  had  developed  in  the 
2014-T6  alloy. 

5.2  Alternate  Immersion  Tests 

Testing  was  carried  out  in  accordance  with  ASTM 
G44(4).  After  weighing  test  panels  were  immersed  for 
10  minutes  every  hour  in  a  3.5%  sodium  chloride 
solution  maintained  at  30“C.  The  relative  humidity  and 
temperature  of  the  laboratory  were  maintained  at 
454:6%  RH  and  at  274:3“C  respectively.  At  the  end  of 
the  test  period  panels  were  removed,  cleaned, 
reweighed  and  then  sectioned  and  examined 


1-6 


metallographically . 

5.2.1  Sheet  Aluminium  -  lithium  Alloys 

Depths  of  attack  were  determined  from  the 
metallographic  sections  prepared  from  panels  which 
had  been  tested  for  3  and  6  weeks.  In  each  case  the 
data  were  analysed  to  enable  the  most  probable  depth 
of  attack  to  be  determined.  The  results  are  presented  in 
fig. 5. 

5.2.2  Metal  Matrix  Composite 

Coupons  prepared  from  MMC  material  together  with 
extruded  PM2124  alloy  and  plate  2024-T3  were  tested 
for  30  days.  Weightloss,  average  pit  depth  and  pit 
densities  are  given  in  table  4.  Under  these  test 
conditions  the  MMC  material  suffers  the  highest  degree 
of  corrosion  attack.  The  depth  of  pitting  is  not  so  great 
as  for  the  control  alloys. 


Table  4  Weightloss  and  pitting  data  for  2124  MMC  and  controls 
following  30  days  alternate  immersion  testing 


Alloy 

Weightloss 

(mg/cm^) 

Average 
Pitting 
Depth  fim 

Average 

Pitting 

Density 

pits/cm^ 

2024-T4 

2.3 

58,5 

56 

2124  PM 

5.8 

55.8 

171 

2124  MMC 

10.5 

43.5 

293 

5.3  Neutral  Salt  Fog 

Testing  was  conducted  in  accodance  with  ASTM  B117 
(5).  Test  panels  were  exposed  to  a  continuous  5% 
neutral  salt  spray  for  upto  6  weeks  in  a  cabinet 
maintained  at  a  temperature  of  35‘’C. 

5.3.1  Sheet  Aluminium  -  lithium  Alloys 

Two  sets  of  triplicate  panels  were  tested  for  each  alloy. 
One  set  was  removed  after  3  weeks  and  the  second  set 
was  given  a  full  6  weeks  exposure.  Each  panel  was 
examined  optically  after  corrosion  testing  and  then 
cleaned  by  immersion  in  chromic-phosphoric  acid 
solution.  The  panels  were  subsequently  rinsed  in 
distilled  water  and  alcohol,  dried  and  reweighed.  Data 
presented  in  table  5  showing  the  weightlosses  and  most 
probable  depths  of  attack. 

5.3.2  Plate  Aluminium  -  lithium  Alloy 

Blocks  40mm  x30mm  were  machined  from  the  plate 
8090-T8171  material.  The  blocks  were  then  sectioned 
parallel  to  the  plate  surface  to  allow  the  quarter 
thickness  (T/4)  and  half  thickness  (T/2)  surfaces  to  be 
exposed.  Two  sets  of  samples  were  exposed  for  21 


days  and  42  days.  Areas  of  pitting  could  be  indentified 
on  all  of  the  specimens. 


Table  5  Weightlosses  and  pitting  data  for  sheet  aluminium  - 
lithium  alloys  exposed  to  neutral  salt  fog 


Alloy 

3  weeks  exposure 

6  weeks  exposure 

Wt-loss 

mg/cm^ 

Depth 

of 

attack 

/Am 

Wt-loss 

mg/cm^ 

Depth 

of 

attack 

/tm 

8090-T81 

0.35 

52 

0.38 

52 

2091-T84 

0.34 

17 

0.40 

20 

2024-T3 

0.74 

4 

0.89 

16 

2014-T6 

4.95 

136 

10.32 

161 

5.3.3  Metal  Matrix  Composites 
Samples  prepared  from  the  2124  MMC  material  and 
control  materials  were  tested  for  30  days  in  neutral 
salt  fog.  Weightloss  and  pitting  depth  data  determined 
are  summarised  in  table  6.  The  results  indicate  that  the 
level  of  corrosion  calculated  from  the  weightloss  data 
is  much  higher  than  for  the  control  alloys. 
Metallographic  sectioning  shows  that  there  is  a  higher 
density  of  pits  although  the  depth  of  attack  is  less. 


Table  6  Weightloss  and  pitting  data  for  2124  MMC  material  and 
control  alloys  following  30  days  neutral  salt  fog. 


Alloy 

Weightloss 

(mg/cm^) 

Average 

Pitting 

Depth 

(fim) 

Average 

Pitting 

Density 

pits/cm^ 

2024-T4 

2.4 

58.5 

48 

2124  PM 

4.3 

61.4 

75 

2124  MMC 

10.6 

42.6 

160 

5.4  Intermittent  Acidified  Salt  Fog 

A  test  procedure  developed  by  Lifka  and  Sprowls  (6) 
was  used  to  assess  the  susceptibility  to  exfoliation 
corrosion  of  aluminium  -  lithium  sheet  and  plate 
materials.  Test  samples  were  exposed  for  7  and  14 
days  to  repeated  6  hour  test  cycles  consisting  of  a  45 
minute  spray  with  5%  salt  solution  acidified  to  pH3 
with  acetic  acid,  a  2  hour  direct  air  purge  followed  by 
a  3  hour  15  minute  soak  when  the  relative  humidity 
rose  to  between  90  and  95  % .  At  the  end  of  the  test, 
samples  were  cleaned  and  photographed  and  then 
sectioned  to  enable  the  depth  of  attack  to  be 
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determined. 

5.4.1  Sheet  Aluminium  -  lithium  Alloys 

The  most  probable  depths  of  attack  after  7  and  14  days 
exposure  are  given  in  table  7.  The  8090-T81  sheet 
alloy  showed  extensive  exfoliation  blistering  and  the 
depth  of  attack  after  14  days  exposure  was  estimated  to 
be  in  the  region  of  370  ftm.  Exfoliation  blisters  were 
visible  on  the  surface  of  the  2091-T84  sheet  after  7 
days  and  after  14  days  the  depth  of  attack  was 
estimated  to  be  500  jum.  Under  the  same  conditions  the 
2024-T3  alloy  showed  only  slight  pitting  attack. 
Extensive  intergranular  corrosion  occurred  in  the  sheet 
2014-T6  material  to  a  depth  of  177  /xm. 


Table  7  Depth  of  attack  for  sheet  aluminium  -  lithium  alloys  and 
controls  exposed  to  intermittent  acidified  salt  spray. 


Alloy 

Depth  of  attack  (pm) 

7  days 
exposure 

14  days 
exposure 

8090-T81 

314 

370 

2091-T84 

281 

500 

2024-T3 

16 

26 

2014-T6 

94 

177 

5.4.2  Plate  Aluminium  -  lithium  Alloy 

Samples  similar  to  those  detailed  in  section  5.3.2  were 
exposed  to  intermittent  acidified  salt  fog  for  7  and  14 
days.  Extensive  exfoliation  corrosion  was  found  to 
develop  on  all  of  the  specimens  with  attack  being  most 
severe  (ED)  on  samples  where  the  original  plate 
surface  was  exposed. 

6.  PROTECTION  AGAINST  CORROSION 

6.1  Standard  Protective  Treatments 

Preliminary  investigations  into  the  protection  of 
aluminium  -  lithium  alloys  using  conventional 
pretreatments  and  paint  schemes  were  undertaken 
during  the  development  of  the  alloys.  Work  carried  out 
at  the  DRA  by  Chambers  (7)  compared  the 
performances  of  2014-T6  sheet  aluminium  -  copper 
alloy  with  an  aluminium  -  lithium  sheet  alloy  similar  in 
composition  to  8090.  Corrosion  tests  on  unprotected 
material  showed  that  under  acidified  conditions  the 
aluminium  -  lithium  material  was  susceptible  to 
exfoliation  corrosion.  Trials  were  conducted  on 
material  which  had  been  pretreated  using  two  different 
chromate  conversion  coatings  and  an  etch  primer.  A 
standard  chromate  pigmented  epoxy  primer  was  applied 
and  where  appropriate  a  polyurethane  top  coat  was  also 


applied.  Chambers  concluded  that  the  performances  of 
the  aluminium  -  lithium  alloy  and  the  control  alloy 
were  very  similar.  Results  obtained  with  the  aluminium 
-  lithium  sheet  for  a  filiform  test  were  difficult  to 
interpret  as  extensive  exfoliation  corrosion  developed 
and  the  type  of  filament  growth  produced  was 
different. 

Some  marine  exposure  trials  have  also  been  conducted 
by  DRA  on  primed  and  top  coated  aluminium  -  lithium 
sheet  panels.  The  sheet  was  pre-production  material 
with  a  composition  close  to  8090.  The  panels  were 
exposed  at  the  Eastney  test  site  together  with  panels  cut 
from  a  2014-T6  control  alloy.  After  three  years 
exposure  there  was  no  evidence  of  corrosion  on  either 
the  aluminium  -  lithium  or  control  panels. 

In  the  present  research  programme  neutral  salt  fog  and 
intermittent  acidified  salt  spray  tests  were  conducted  on 
8090-T81  and  2091-T84  test  coupons  which  had  been 
given  either  a  chromate  conversion  coating  or  had 
been  anodised  in  a  chromic  acid  bath.  Standard 
treatments  used  on  conventional  aerospace  materials 
were  used  in  each  case.  After  6  weeks  exposure  to 
neutral  salt  fog,  the  samples  which  had  received  a 
chromate  conversion  coating  were  free  from  any  form 
of  corrosion.  Some  corrosion  pits  were  visible  on  the 
2091-T84  samples  which  had  been  anodised  but  the 
anodised  8090-T81  samples  showed  few  signs  of 
corrosion.  By  comparison  unprotected  specimens  of 
both  alloys  showed  many  areas  where  corrosion  pits 
had  initiated.  In  the  intermittent  acidified  salt  spray 
tests  the  unprotected  panels  developed  exfoliation 
corrosion  blisters  afer  14  days  exposure  as  described  in 
section  5.4. 1 .  No  attack  was  visible  on  coupons  which 
had  been  pretreated  using  a  chromate  conversion 
coating  but  some  areas  of  corrosion  could  be  identified 
on  the  anodised  coupons  especially  on  the  2091-T84 
alloy. 

6.2  Chromate-free  Protective  Treatments 

Chromates  are  the  key  factor  in  the  protection  of 
aerospace  aluminium  alloys  against  corrosion.  They 
find  applications  in  pretreatments  as  well  as  being  the 
main  inhibiting  pigment  incorporated  into  aircraft  paint 
primers.  Concern  about  the  carcinogenic  nature  of 
chromates  has  led  to  renewed  efforts  to  identify 
alternative  inhibitors  for  use  with  aluminium  alloys. 

Research  is  currently  being  directed  towards  the 
development  of  chromate-free  conversion  coatings  for 
use  on  aluminium  alloys  and  anodising  treatments  based 
on  boric  -  sulphuric  acid  solutions.  The  work  has 
initially  focussed  on  2000  and  7000  series  alloys  but  is 
now  considering  aluminium  -  lithium  alloys  and  metal 
matrix  composite  materials. 

The  underlying  problem  with  the  development  of 


chromate  free  primers  continues  to  be  the  identification 
of  inhibitors  or  combinations  of  inhibitors  which  match 
the  efficiency  of  chromates  at  low  concentrations  in  the 
presence  of  high  levels  of  chloride. 

As  part  of  the  programme  to  develop  non-chromate 
primers  for  aerospace  applications,  experiments  were 
conducted  to  determine  the  critical  concentrations  of 
some  of  the  more  promising  inhibitors  which  have  been 
found  for  aluminium  alloys.  The  total  immersion  test 
described  in  section  5.1  was  used  in  this  work.  Test 
coupons  were  totally  immersed  in  600mM/l  sodium 
chloride  solution  to  which  had  been  added  various 
levels  of  inhibitor.  The  duration  of  the  test  was  three 
weeks,  after  which  coupons  were  washed  and  cleaned 
to  remove  corrosion  products.  The  results  plotted  in 
fig. 6  show  changes  in  weight  due  to  corroson  on  2014- 
T6,  8090-T81  and  2091-T84  coupons  for  different 
strontium  chromate  concentrations.  In  the  case  of  the 
2014-T6  alloy,  a  minimum  concentration  of  0.02mM/l 
strontium  chromate  is  required  to  prevent  corrosion. 
For  the  two  aluminium  -  lithium  alloys  studied  much 
lower  concentrations  of  strontium  chromate  are 
required. 

Much  of  the  research  carried  out  commercially  on 
chromate-free  primers  has  involved  the  formulation  and 
testing  of  paint  schemes  incorporating  fairly 
conventional  inhibitor  systems.  The  more  academic 
approach  has  been  to  try  to  understand  in  more  detail 
the  mechanisms  by  which  chromates  inhibit.  This  it  is 
hoped  will  provide  a  sounder  basis  for  selecting  and 
developing  replacement  systems.  Simple  screening  tests 
have  identified  several  compounds  which  give  a  high 
level  of  protection  when  present  in  dilute 
concentrations.  Cerium  salts,  organic  compounds 
containing  sulphur  and  zinc  salts  of  mercapto- 
carboxylic  acids  have  been  found  to  inhibit  corrosion 
on  aluminium  (8,9,10)  however  the  minimum 
concentration  required  is  an  order  of  magnitude  higher 
than  for  strontium  chromate.  This  can  be  seen  in  fig. 7 
which  gives  data  obtained  for  cerium  chloride.  For 
both  2014-T6  and  2091-T84  alloys  the  minimum 
concentration  is  at  least  10  times  higher  than  for 
strontium  chromate.  In  the  case  of  the  8090  a 
minimum  concentration  was  not  determined.  Little 
corrosion  could  be  detected  when  the  concentration  was 
as  low  as  0.002mM/l. 

The  high  solubility  of  cerium  chloride  makes  it  an 
unsuitable  inhibitor  for  use  in  a  paint  formulation.  Data 
published  by  Smith  et  al.(ll)  for  a  2014-T6  aluminum 
-  copper  alloy  show  that  cerium  formate,  cerium 
iodate,  cerium  glycollate  and  cerium  tartrate  give 
similar  degrees  of  inhibition  as  cerium  chloride.  One  of 
the  factors  determining  the  effectiveness  of  a  paint 
scheme  to  give  corrosion  protection  is  the  teachability 
of  the  inhibitive  pigment.  For  protection  to  be  given  at 


areas  where  the  paint  becomes  damaged  and  the 
underlying  metal  substrate  is  exposed  the  concentration 
of  inhibitor  leached  out  must  be  greater  than  the 
minimum  level.  In  an  idealised  system  where  the  salt 
concentration  is  600mM/l,  a  minimum  cerium  ion 
concentration  of  0.2niM/l  is  necessary  to  inhibit 
corrosion  on  2014-T6.  Leaching  curves  obtained  from 
experimental  primers  containing  various  cerium 
compounds  are  reproduced  in  fig. 8.  The  results 
indicate  that  the  rate  of  leaching  for  paints  pigmented 
with  cerium  formate,  cerium  iodate  and  cerium 
glycollate  may  be  sufficiently  high  to  be  effective  in  the 
protection  of  8090  and  2091  alloys.  Experiments 
conducted  on  proprietary  epoxy  primers  indicate  that 
sufficient  chromate  may  be  leached  from  these  paints 
to  exceed  the  minimum  levels  indicated  in  fig. 6. 

7.  DISCUSSION  AND  CONCLUSIONS 

The  results  obtained  from  the  marine  exposure  trials 
and  accelerated  corrosion  tests  confirm  earlier  work  on 
experimental  and  pre-production  materials  that  under 
some  conditions  sheet  8090  may  be  susceptible  to 
exfoliation  corrosion  (1).  The  problem  is  particularly 
severe  in  non-recrystallised  material  where  the  grains 
are  very  elongated.  Robinson  (12)  has  determined  the 
conditions  in  terms  of  grain  shape  and  aspect  ratio  for 
exfoliation  blisters  to  develop  in  aluminium  alloys.  In 
the  present  study  the  aspect  ratio  of  the  grains  in  the 
8090-T81  sheet  varied  from  1.8  at  the  surface  to  3.8  at 
the  centre  of  the  sheet.  In  the  case  of  the  8090-T817I 
plate  much  higher  aspect  ratios  were  measured  and 
increased  from  33  at  the  T/2  position  to  41  at  the 
surface.  The  ratios  determined  exceed  the  values 
calculated  by  Robinson  to  be  necessary  for  exfoliation 
blisters  to  form.  The  exfoliation  corrosion  found  under 
marine  exposure  conditions  on  the  aluminium  -  lithium 
sheet  alloys  can  be  reproduced  in  the  laboratory  using 
the  intermittent  acidified  salt  fog  test.  Recently 
published  data  comparing  the  corrosion  behaviour  of 
clad  and  unclad  2000  and  7000  series  alloys  in  a 
marine  environment  found  that  the  alternate  immersion 
test  gave  a  good  correlation  on  terms  of  the  relative 
weightlosses  and  depths  of  attack  (13).  Similar 
agreement  was  obtained  in  the  present  work  for  the 
depths  of  attack  measurements  although  no  evidence  of 
exfoliation  corrosion  was  found  on  the  aluminium  - 
lithium  Hoys  using  the  alternate  immersion  test. 

The  8090-T8171  plate  aluminium  -  lithium  alloy  shows 
a  relatively  low  threshold  stress  for  stress  corrosion 
cracking  under  marine  exposure  conditions.  The  results 
obtained  are  compared  in  table  8  with  previously 
published  data  (14)  for  plate  2014-T651,  7075-T651 
and  2024-T351  alloys.  The  performance  of  the  8090- 
T8171  plate  in  terms  of  the  initiation  of  stress 
corrosion  cracking  is  similar  to  2024-T351.  Further 
data  on  the  growth  of  stress  corrosion  cracks  in  plate 
material  is  required. 
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Table  8  Stress  corrosion  cracking  threshold  data  for 

conventional  plate  materials  exposed  in  a  marine 
environment  for  2  years.  Stressed  in  ST  direction. 


Reference  14. 

Alloy 

Threshold  Stress 
(MPa) 

2014-T651 

121 

7075  -  T651 

56 

2024-T351 

<15 

Results  of  the  corrosion  tests  show  that  the  MMC 
material  forms  a  higher  density  of  pits  than  the  non- 
reinforced  alloy.  A  microstructural  study  carried  out  by 
Immeson  and  Bartlett  (15)  indicates  that  the  silicon 
carbide  particles  play  little  if  any  role  in  the  initiation 
of  pits.  It  is  proposed  that  a  magnesium  rich  phase 
developed  during  the  powder  processing  is  mainly 
responsible  for  pit  initiation. 


7)  A  Chambers,  unpublished  data 

8)  B  R  W  Hinton,  D  R  Amott  and  N  E  Ryan, 
Metals  Forum,  (1984)  7(4),  221 

9)  K  R  Baldwin,  M  C  Gibson,  P  L  Lane,  and 

C  J  E  Smith,  published  in  the  Proc.  of  the  7th 
European  Symposium  on  Corrosion  Inhibitors 
(7SEIC)  Ann.  Univ.  Ferrara.  N.S.  Sez.  V. 
Suppl.  N.S.  (1990)  pp  771  -  785 

10)  C  J  E  Smith,  MAH  Hewins,  K  R  Baldwin 
and  VCR  McLoughlin  published  in  the 
Proceedings  of  the  6th  European  Symposium 
on  Inhibitors  (6SEIC)  Ann.  Univ.  Ferrara. 

N.S.  Sez.  V.  Suppl.  N.S  (1985)  pp  641  -654 

11)  C  J  E  Smith,  K  R  Baldwin,  MAH  Hewins 
and  M  C  Gibson,  published  in  "Progress  in  the 
Understanding  and  Prevention  of  Corrosion" 
(1993)  pp  1652  -1663 

12)  M  J  Robinson,  Corrosion  Science  (1982) 

22(8),  pp  775  -  790 

13)  C  J  E  Smith,  J  A  Gray  and  MAH  Hewins 
to  be  published  in  Corrosion  Reviews 

14)  J  A  Gray,  RAE  Technical  Report  79117  (1979) 

15)  D  Immeson  and  D  L  Bartlett,  to  be  published 
in  Journal  of  Microscopy. 


Under  total  immersion  conditions  and  on  exposure  to 
neutral  salt  fog  the  aluminium  -  lithium  sheet  and  plate 
materials  suffer  pitting  corrosion  to  a  level  no  more 
severe  than  found  on  conventional  aerospace  alloys. 
Results  obtained  indicate  that  strontium  chromate  is  an 
effective  inhibitor  preventing  the  initiation  of  corrosion 
pits.  Trials  conducted  further  show  that  the 
pretreatments  and  paint  schemes  currently  employed 
give  a  high  degree  of  protection  to  aluminum  -  lithium 
alloys.  Some  progress  on  non-chromate  based  paint 
schemes  is  being  made  and  cerium  based  compounds 
show  some  potential  as  inhibitors  for  these  alloys. 


(c)  British  Crown  Copyright  1994/DRA 
Published  with  the  permission  of  the  Controller 
of  Her  Britannic  Majesty’s  Stationery  Office 
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1.  SUMMARY 

The  exfoliation  corrosion  and  stress  corrosion 
cracking  (SCC)  behaviour  of  damage  tolerant  sheet 
and  plate  materials  of  aluminium-lithium  based 
alloys  in  underaged  tempers  was  studied  performing 
different  accelerated  tests.  The  EXCO  test  (ASTM 
G34)  produced  blistering  and  mild  exfoliation  corro¬ 
sion.  The  modified  EXCO  test  suggested  by  Lee 
and  Lifka  proved  to  be  more  severe  than  the  stan¬ 
dard  EXCO  test.  When  exposed  to  the  cyclic  acidi¬ 
fied  salt  fog  (MASTMAASIS  test  according  to 
ASTM  G85,  Annex  A2),  the  Al-Li  alloys  studied 
suffered  severe  exfoliation.  The  MASTMAASIS  test 
reproduced  marine  exposure  results  for  conventional 
2024-T351  and  7075-T7351  plates  and  the  limited 
data  for  aluminium-lithium  based  8090-T81  and 
2091-T84  sheets  published  in  the  literature.  There¬ 
fore,  it  seems  to  be  a  promising  testing  technique  to 
predict  the  service  performance  of  high  strength 
aluminium  alloys.  Static  loading  tests  indicated  very 
high  SCC  resistance  for  8090-T8171  and  2091- 
T8X51  plates  in  longitudinal  and  long  transverse 
directions.  Environmentally  assisted  cracking  occur¬ 
red  in  the  latter  alloys  when  stress  was  applied  in 
the  short  transverse  direction.  Threshold  stresses 
below  100  MPa  were  obtained  from  alternate 
immersion  tests  (ASTM  G44)  and  from  permanent 
immersion  tests  in  an  aqueous  solution  of  0.5  M 
NaCl  +  0. 1  M  LiCl  +  0.05  M  NaHC03  +  0.05  M 
NajCOj.  Using  the  latter  synthetic  environment,  the 
slow  strain  rate  testing  technique  indicated  sensi¬ 
tivity  to  stress  corrosion  cracking  for  recrystallized 
8090-T81  and  2091-T84  sheet  materials. 

2.  INTRODUCTION 

For  the  last  fifteen  years  the  aluminium  industry  has 
been  strongly  engaged  in  the  development  of 
aluminium-lithium  based  alloys  for  substitution  of 
established  2XXX  and  7XXX  series  aluminium 
alloys  used  in  aircraft  and  space  vehicle  structures. 
These  efforts  have  been  slowed  down,  some  of  the 
Al-Li  products  have  attained  commercial  status  [1- 
4].  The  most  advanced  materials  are  the  quaternary 
Al-Li-Cu-Mg  alloys  8090  and  2091,  developed  by 


British  Alcan  Aluminium  and  Cegedur  Pechiney, 
respectively,  and  Alcoa’s  Al-Li-Cu  alloy  2090. 
Semi-fabricated  product  forms,  such  as  sheet,  plate, 
extrusions  and  forgings  are  being  offered  [2-4]. 
However,  extensive  applications  of  Al-Li  alloys  are 
still  prevented  by  shortcomings,  including  low 
cracking  resistance  and  an  unusual  crack  deviation 
behaviour  [5].  Besides  the  mechanical  properties  the 
corrosion  behaviour  of  the  lithium  bearing  materials 
is  crucial  for  use  in  aircraft  structures.  Exfoliation 
corrosion  and  stress  corrosion  cracking  (SCC)  are 
two  types  of  environmental  attack  occurring  in  heat 
treatable  aluminium  alloys. 

The  present  paper  summarizes  results  of  exfoliation 
corrosion  and  stress  corrosion  cracking  tests  perfor¬ 
med  on  damage  tolerant  sheet  and  plate  materials  of 
the  alloys  8090  and  2091. 

3.  EXPERIMENTAL 

Sheet  and  plate  materials  of  the  Al-Li  alloys  8090 
and  2091  were  investigated  in  underaged  tempers. 
The  microstructure  of  the  1.6  mm  thick  8090-T81 
and  2091-T84  sheets  was  recrystallized  (2091 
CPHK  sheet  was  received  in  the  as-quenched 
condition  T351.  It  was  aged  at  135°C  for  12  h  to 
the  T84  temper).  In  the  centre  of  the  2091  CPHK 
sheet,  a  partially  recrystallized  thin  layer  was 
observed.  The  plate  materials  of  the  alloys  8090- 
T8171  (52  mm  thick)  and  2091-T8X51  (38  mm 
thick)  exhibited  the  typical  pancake  structure  of 
wrought  aluminium  alloys.  Products  of  the  Al-Li 
alloys  8090  and  2091  were  supplied  by  Alcan 
Aluminium  International,  England,  and  Cegedur 
Pechiney,  France,  respectively.  Tensile  properties 
of  the  materials  investigated  are  given  in  Table  1 . 

The  exfoliation  corrosion  behaviour  was  studied 
performing  EXCO  tests  according  to  ASTM  G34, 
modified  EXCO  tests  as  proposed  by  S.  Lee  and 
B.W.  Lifka  [6],  and  cyclic  acidified  salt  fog 
(MASTMAASIS)  tests  according  to  ASTM  G85, 
Annex  A2.  Size  of  the  specimens  used  in  these  tests 
was  50  by  100  mm.  The  surface  and  the  half-thick- 
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Table  1 

Tensile  properties  of  sheet  and  plate  materials  of  the  Al-Li  alloys  8090  and  2091 

in  damage  tolerant  tempers 


Alloy 

Orientation 

0.2%  proof  stress 

Ultimate  tensile  strength 

Fracture  elongation 

[MPa] 

[MPa] 

[%] 

sheet 

8090-T81 

longitudinal 

333  ±  5 

443  ±  6 

11.3  ±  0.9 

long  transverse 

286  ±  4 

432  ±  7 

16.3  ±  0.6 

2091-T84 

longitudinal 

350  ±  5 

445  ±  6 

12.0  +  1.1 

long  transverse 

338  ±  4 

472  ±  7 

13.0  ±  1.5 

plate 

8090-T8171 

longitudinal 

394  ±  5 

477  ±  7 

6.1  ±  0.5 

long  transverse 

346  ±  3 

467  ±  1 

7.8  +  0.7 

short  transverse 

285  +  3 

449  +  4 

7.0  ±  0.7 

2091-T8X51 

long  transverse 

328  +  2 

438  ±  3 

8.6  ±  0.8 

short  transverse 

295  ±  5 

445+11 

7.7  ±  1.6 

Table  2 

Visual  ratings  for  aluminium  alloy  sheet  and  plate  panels  which  were  exposed  to  the  standard  EXCO 
solution  (ASTM  G34-90),  an  modified  EXCO  solution  [6],  and  the  cyclic  acidified  salt  fog 
(ASTM  G85,  Annex  A2)  for  different  time  periods 


Alloy 

EXCO  Test 

Modified  EXCO  Test 

MASTMAASIS  Test 

48  h 

96  h 

48  h 

96  h 

2  weeks 

4  weeks 

sheet 

8090-T81 

B 

B^ 

EA 

EB 

B/EA 

EB 

2091-T84 

B 

B 

B+ 

EA 

B^ 

EA 

2024-T3 

P 

P/B 

B- 

B 

P 

P 

plate 

8090-T8171 

B+ 

B/EA 

EA 

EA 

EA 

EB/EC 

2091-T8X51 

B 

EA 

EA/EB 

EB 

EA/EB 

EB/EC 

2024-T351 

P/EA 

EA 

EA 

EB 

EB/EC 

EC 

7075-T7351 

EA 

EA 

P 

P/B 

P 

P 

Abbreviations  of  ratings  according  to  ASTM  G34-90:  N  =  no  appreciable  attack,  P  =  pitting,  B  = 
blistering,  EA  =  superficial  exfoliation,  EB  =  moderate  exfoliation,  EC  =  severe  exfoliation.  Suffices 
attached  to  ratings  indicate  slight  (-)  and  strong  (+)  attacks,  respectively,  within  the  same  category 
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ness  subsurface  were  exposed  for  sheet  and  plate, 
respectively.  Compared  to  the  standard  EXCO 
solution,  the  pH  of  the  modified  solution  was  in¬ 
creased  to  3.2  using  HCl,  and  aluminium  ions  were 
added  whilst  chloride  and  nitrate  ions  concentrations 
were  maintained  [6].  For  lithium  bearing  and  2XXX 
series  aluminium  alloys,  the  modified  EXCO  tests 
were  carried  out  at  an  elevated  temperature  of 
52 °C,  whereas  temperature  was  kept  at  25  °C  for 
7XXX  series  aluminium  alloys.  Corrosion  attack 
was  visually  rated  using  the  reference  photographs 
presented  in  ASTM  G34-90.  To  discriminate  be¬ 
tween  different  levels  of  attack  at  the  lower  end  of 
the  scale  (slight  exfoliation),  the  classification  re¬ 
commended  in  ASTM  G34  was  expanded  by  a 
further  category  B  which  describes  blistering.  When 
the  blisters  broke  open  forming  slivers  or  flakes, 
the  less  favourable  rating  EA  was  given.  To  indi¬ 
cate  slight  changes  within  the  same  category,  the 
suffices  -  (slight)  and  +  (strong)  were  attached. 

The  see  behaviour  was  investigated  conducting 
static  loading  tests  under  constant  deformation  and 
constant  load  conditions  and  employing  the  slow 
strain  rate  (SSR)  testing  technique.  The  synthetic 
environments  used  were  near  neutral  3.5%  NaCl 
solution  (alternate  immersion  according  to  ASTM 
G44),  an  aqueous  solution  of  2%  NaCl  -I-  0.5% 
Na2Cr04  at  pH  3,  an  aqueous  solution  of  0.5  M 
NaCl  +  0.1  M  LiCl  +  0.05  M  NaHCOj  +  0.05 
M  NajCOj,  and  substitute  ocean  water  without 
heavy  metals  according  to  ASTM  D1141  (when 
tested  in  the  latter  three  environments,  specimens 
were  permanently  immersed).  SSR  tests  were 
performed  at  free  corrosion  potential.  Nominal 
strain  rates  were  in  the  range  5- 10  *  to  5- 10'^  s'f 
Reference  tests  were  carried  out  in  dry  laboratory 
air  (inert  environment),  generated  by  embedding  the 
specimens  in  Mg(C104)2  powder.  The  fracture 
energy  was  used  to  assess  the  sensitivity  to  stress 
corrosion  cracking.  Pre-exposure  tests  were  carried 
out  to  evaluate  the  degradation  of  the  specimens 
caused  by  corrosion  in  the  absence  of  applied  strain. 
Details  of  the  SSR  testing  technique  are  described 
elsewhere  [7]. 

4.  RESULTS  AND  DISCUSSION 

4.1  Exfoliation  corrosion  behaviour 

Results  of  EXCO,  modified  EXCO  and  cyclie  acidi¬ 
fied  salt  fog  testing  are  summarized  in  Table  2. 
These  accelerated  tests  indicated  sensitivity  to  exfo¬ 
liation  corrosion  for  the  aluminium-lithium  alloys 
investigated.  Ratings  were  generally  worse  in  the 
modified  than  in  the  standard  EXCO  solution.  In 


the  MASTMAASIS  tests,  damage  tolerant  Al-Li 
alloys  suffered  similar  or  more  extensive  exfoliation 
than  in  the  modified  EXCO  tests.  The  exfoliation 
corrosion  resistance  of  aluminium-lithium  based 
sheet  was  lower  than  that  of  the  conventional  2024- 
T3  sheet.  Alloy  8090-T81  was  found  to  be  more 
susceptible  than  2091-T84.  Both  Al-Li  plates 
exhibited  a  similar  or  slightly  better  exfoliation 
corrosion  behaviour  than  the  conventional  2024- 
T351  plate.  Fig.  1  shows  aluminium  alloy  plate 
panels  after  two  weeks  MASTMAASIS  testing.  The 
overaged  7075-T7351  alloy  exhibited  pitting, 
whereas  the  other  alloys  suffered  exfoliation. 

Sheet  of  the  alloys  8090-T81  and  2091-T84  were 
found  to  be  prone  to  exfoliation  corrosion  in  marine 
atmosphere  [8].  8090-T81  was  more  susceptible 
than  2091 -T84.  Conventional  2024-T3  sheet  suf¬ 
fered  pitting.  Exfoliation  corrosion  was  not 
observed  for  7075-T7351  plate  during  12  years  of 
exposure  in  seacoast  environment,  whereas  2024- 
T351  plate  suffered  very  severe  exfoliation  within 
two  years  [6].  Outdoor  corrosion  data  for  damage 
tolerant  Al-Li  plate  were  not  found  in  the  literature. 

The  EXCO  test  according  to  ASTM  G34  does  not 
accurately  predict  the  atmospheric  results  for  2XXX 
and  modern  7XXX  series  aluminium  alloys  in  tem¬ 
pers  revealing  intermediate  exfoliation  eorrosion 
resistance  [6].  This  test  is  also  considered  to  be 
unreliable  for  predicting  the  exfoliation  corrosion 
behaviour  of  aluminium-lithium  based  alloys,  since 
correlation  with  exposure  data  in  seacoast  environ¬ 
ment  is  poor  [9,10].  Recently,  Lee  and  Lifka  sug¬ 
gested  a  modified  EXCO  solution  appearing  capable 
of  reproducing  marine  exposure  performance  of  the 
conventional  alloy  2024,  the  Al-Li-Cu  alloy  2090, 
and  the  high-strength  alloys  7050  and  7150  in 
various  conunercial  tempers  [6].  Compared  to  the 
standard  EXCO  test,  the  modified  EXCO  test  better 
reproduced  the  marine  exposure  data  for  the 
conventional  2024-T351  and  7075-T7351  plates, 
although  the  ratings  for  2024-T351  still  were  not 
severe  enough  (Table  2).  Ratings  for  the  recrystal¬ 
lized  8090-T81  and  2091-T84  sheet  materials  were 
in  accordance  with  results  in  seacoast  environment. 
However,  unrecrystallized  medium-strength  8090- 
T6  sheet  suffered  severe  exfoliation  in  the  modified 
EXCO  solution,  not  observed  when  exposed  in 
marine  atmosphere  [11].  Therefore,  further  long¬ 
term  outdoor  exposure  tests  with  Al-Li  alloys  are 
required  to  assess  the  applicability  of  the  modified 
EXCO  testing  proposed  by  Lee  and  Lifka. 

Results  of  the  MASTMAASIS  tests  gave  the  best 
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correlation  with  marine  exposure  data.  For 
conventional  2024-T351  and  7075-T7351  plate 
materials,  the  performance  in  seacoast  environment 
was  correctly  reproduced.  The  cyclic  acidified  salt 
fog  test  also  predicted  the  corrosion  behaviour  in 
marine  atmosphere  for  Al-Li  sheet,  in  particular 
alloy  8090-T6  [11],  and  for  the  control  sheet  2024- 
T3.  The  MASTMAASIS  test  seems  to  be  the  most 
appropriate  testing  technique  to  evaluate  the 
exfoliation  corrosion  behaviour  of  age-hardening 
aluminium  alloys. 

4.2  Stress  corrosion  cracking  behaviour 

Using  two-point  loaded  bent-beam  specimens,  alter¬ 
nate  immersion  tests  according  to  ASTM  G44  indi¬ 
cated  high  see  resistance  for  sheet  of  the  Al-Li 
alloys  8090-T81  and  2091-T84  and  the  control  alloy 
2024-T3.  During  40  days  exposure,  no  crack  initi¬ 
ation  was  detected  at  stresses  up  to  300  MPa 
applied  in  longitudinal  and  long  transverse 
directions  (on  the  surfaces  of  2024-T3  specimens 
corrosion  products  deposited  after  14  days  exposure 
impeding  the  visual  detection  of  possible  cracks). 
However,  sensitivity  to  stress  corrosion  cracking 
was  found  for  the  alloy  8090-T81  in  a  previous 
investigation,  using  two-point  loaded  bent-beam 
specimens  of  the  same  sheet  which  were  alternately 
immersed  in  3.5%  NaCl  solution  at  a  temperature 
of  22 °C,  but  under  uncontrolled  relative  humidity 
conditions.  In  the  latter  tests,  SCC  initiation 
threshold  stresses  between  100  and  150  MPa  and 
between  150  and  200  MPa  were  determined  in 
longitudinal  and  long  transverse  directions, 
respectively.  The  different  results  demonstrate  that 
temperature  and  relative  humidity  play  an  important 
role  when  SCC  threshold  stresses  are  determined 
under  alternate  immersion  conditions.  Furthermore, 
the  results  can  depend  upon  the  loading  method. 
Constant  loading  and  uniaxial  tension  straining 
provide  more  severe  testing  conditions  than 
bending.  For  the  same  8090-T81  sheet  material,  a 
long  transverse  threshold  stress  of  about  150  MPa 
was  obtained  from  automated  stress  corrosion  ring 
(ASCOR)  tests  conducted  under  environmental 
conditions  according  to  ASTM  G44  [12].  Smith  et 
al.  reported  threshold  stresses  below  100  MPa  and 
above  200  MPa  in  longitudinal  and  long  transverse 
directions,  respectively,  using  8090-T81  sheet 
tensile  specimens  which  were  tested  under  ASTM 
G44  conditions  [8]. 

Figs.  2  and  3  show  results  of  the  SSR  tests  for 
8090-T81  and  2091-T84  sheets,  respectively.  Long 
transverse  tensile  specimens  were  dynamically 
strained  in  an  aqueous  solution  of  0.5  M  NaCl  + 


0.1  M  LiCl  +  0.05  M  NaHCOg  +  0.05  M 
Na2C03.  As  proved  by  pre-exposure  tests,  the 
reduction  of  fracture  energy  observed  at  strain  rates 
below  5- 10'^  s  '  is  caused  by  stress  corrosion 
cracking.  Similar  fracture  energy  vs.  strain  rate 
curves  were  obtained  when  longitudinal  tensile 
specimens  of  both  alloys  were  tested  [13,14].  Using 
chloride-carbonate-hydrogencarbonate  solutions,  the 
SSR  testing  technique  indicated  sensitivity  to 
environmentally  assisted  cracking  for  damage 
tolerant  aluminium-lithium  based  sheet. 

Whilst  service  problems  with  environmentally 
assisted  cracking  are  not  known  for  2024-T3  sheet, 
damage  tolerant  2091  sheet  with  a  fully  recrystal¬ 
lized  equiaxed  grain  structure  was  found  to  be 
highly  sensitive  to  stress  corrosion  cracking  in  the 
underaged  T84  temper.  A  threshold  stress  below 
100  MPa  was  found  [15].  The  SCC  resistance  of 
2091  sheet  (CPHK  version)  in  the  T84  heat 
treatment  was  improved  by  metallurgical  adjust¬ 
ments,  at  slight  expense  of  fracture  toughness  and 
strength  [3] .  The  microstructure  of  the  CPHK  ver¬ 
sion  exhibits  grains  flattened  in  the  rolling  plane 
and  a  partially  recrystallized  layer  in  the  centre  of 
the  sheet.  The  SCC  behaviour  of  8090  sheet  also 
depends  upon  the  grain  structure.  Whereas  unre- 
crystallized  medium-strength  8090-T6  alloy  was 
found  to  be  immune  in  alternate  immersion  tests 
[16],  recrystallized  8090-T81  sheet  materials  were 
prone  to  environmentally  assisted  cracking  [8,12]. 
The  SCC  sensitivity  of  damage  tolerant  aluminium- 
lithium  based  materials  is  a  further  issue  which  has 
to  be  resolved  for  the  successful  use  of  these 
products  in  aircraft  applications. 

Under  the  environmental  conditions  of  alternate 
immersion  according  to  ASTM  G44  and  of  perma¬ 
nent  immersion  in  an  aqueous  solution  of  0.5  M 
NaCl  +  0.1  M  LiCl  -1-  0.05  M  NaHCOj  +  0.05  M 
Na2C03,  static  loading  tests  indicated  very  high 
SCC  resistance  for  both  8090-T8171  and  2091- 
T8X51  plates  when  stress  was  applied  in  longitudi¬ 
nal  and  long  transverse  directions  (Table  3;  as 
proved  by  fractography,  one  specimen  has  failed  by 
overload  fracture  resulting  from  a  reduction  of  the 
cross  section  caused  by  intergranular  corrosion  and 
pitting).  When  loaded  in  the  short  transverse  direc¬ 
tion,  both  Al-Li  alloy  plates  were  susceptible  to 
stress  corrosion  cracking.  Their  SCC  behaviour  was 
similar  to  that  of  conventional  2024-T351  plate. 
Threshold  stresses  below  100  MPa  were  measured 
in  alternate  immersion  tests  [17].  As  illustrated  in 
Fig.  4,  results  of  the  alternate  immersion  tests 
correlated  with  those  of  outdoor  exposure  tests  in 
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Table  3 

Time-to-failure  data  for  8090-T8171  and  2091-T8X51  plates  obtained  from  constant  deformation  tests 
under  alternate  immersion  conditions  according  to  ASTM  G44  and  from  constant  load  tests  under 
permanent  immersion  conditions  in  an  aqueous  solution  of  0.5  M  NaCl  +  0. 1  M  LiCl  + 

0.05  M  NaHCOj  +  0.05  M  Na2C03  (n#  =  number  of  specimens  tested) 


Alloy 

Orientation 

Applied 

stress 

Time-to-failure  data 

alternate  immersion  permanent  immersion 

8090-T8171 

longitudinal 

350  MPa 

5#  >  40  days 

5#  >  40  days 

290  MPa 

5#  >  40  days 

4#  >  40  days 

long  transverse 

310  MPa 

5#  >  40  days 

5#  >  40  days 

260  MPa 

5#  >  40  days 

27  days,  4#  >  40  days 

2091-T8X51 

long  transverse 

330  MPa 

M  >  40  days 

300  MPa 

3^  >  40  days 

Sit  >  40  days 

urban  industrial  environments.  Cracks  induced  by 
natural  environment  propagated  along  grain 
boundaries  (Fig. 5).  A  similar  correlation  between 
data  of  alternate  immersion  tests  and  marine 
exposure  was  found  for  8090-T8171  plate  [8]. 

Fig.  6  shows  time-to-failure  data  obtained  from 
alternate  immersion  tests  for  8090  and  2024  plate 
materials  in  different  tempers.  Whereas  artifical 
aging  to  the  T85 1  temper  significantly  improved  the 
see  resistance  of  2024  alloy,  heat  treatment  had  a 
reduced  influence  on  the  crack  initiation  behaviour 
of  8090  plate.  A  short  transverse  threshold  stress 
slightly  below  100  MPa  was  measured  for  the  peak- 
aged  alloy  8090-T8771.  Time-to-failure  data  for  a 
30  mm  thick  8090  plate  in  different  heat  treatments 
are  plotted  in  Fig.  7  (the  plate  was  received  in  the 
T35 1  condition  and  aged  to  the  listed  tempers  using 
a  heating-up  rate  of  10°C/h).  Short  transverse  ori¬ 
entated  C-ring  specimens  were  alternately  immersed 
in  3.5%  NaCl  solution  (22 °C  temperature,  not  con¬ 
trolled  relative  humidity).  In  all  tempers  studied 
ranging  from  underaged  to  extremly  overaged  con¬ 
ditions,  sec  initiation  threshold  stress  was  below 
100  MPa.  Similar  results  were  reported  by  Dorward 
and  Hasse  for  a  25  mm  thick  Al-Li-Cu-Mg-Zr  plate 
[18].  For  a  50  mm  thick  plate,  however,  these 
authors  found  that  the  SCC  resistance  improved 
with  aging  (the  latter  plate  was  tested  using  smooth 
tensile  specimens).  An  influence  of  isothermal  aging 
was  also  observed  by  Gray  [19].  In  underaged  tem¬ 
pers  Al-Li  alloys  revealed  greater  sensitivity  to 
environmentally  assisted  cracking  than  in  peak  or 
overaged  tempers.  The  SCC  resistance  can  be  fur¬ 
ther  enhanced  applying  complex  heat  treatments 


[20],  thermal  mechanical  processing  sequences  [21], 
or  by  the  addition  of  zinc  to  the  Al-Li-Cu-Mg  alloys 
[20]. 

Fig.  8  presents  time-to-failure  data  for  the  alloy 
8090-T8171  obtained  from  constant  load  tests  under 
permanent  immersion  conditions.  A  short  transverse 
threshold  stress  slightly  below  50  MPa  was  mea¬ 
sured  in  the  chloride-carbonate-hydrogencarbonate 
solution.  The  SCC  resistance  seemed  to  be  higher 
using  substitute  ocean  water.  However,  the  speci¬ 
mens  which  passed  the  maximum  exposure  length 
of  1000  h  were  severely  embrittled,  as  found  in 
subsequent  tensile  tests.  Therefore,  a  lower  thres¬ 
hold  stress  might  have  been  determined  if  the  tests 
had  run  longer. 

For  the  alloy  2091-T8X51,  constant  load  tests  in 
0.5  M  NaCl  +  0.1  M  LiCl  +  0.05  M  NaHCO,  + 
0.05  M  NajCOj  indicated  a  short  transverse  thres¬ 
hold  stress  below  50  MPa  [17].  Fig.  9  shows  results 
of  constant  load  tests  for  the  2091-T8X51  plate 
performed  under  permanent  immersion  conditions  in 
substitute  ocean  water  and  in  an  aqueous  solution  of 
2%  NaCl  -t-  0.5%  Na2Cr04  at  pH  3.  Data  obtained 
from  constant  load  tests  under  alternate  immersion 
in  3.5%  NaCl  solution  are  included.  When  immer¬ 
sed  in  substitute  ocean  water,  specimens  either 
failed  approximately  within  the  first  100  h  of  expo¬ 
sure  or  they  passed  the  maximum  exposure  length 
of  1000  h.  The  unfailed  specimens  were  not  signifi¬ 
cantly  embrittled,  as  found  in  subsequent  tensile 
testing.  The  scatter  in  time-to-failure  data  might  be 
related  to  surface  condition  effects  (prior  to  immer¬ 
sion  in  substitute  ocean  water,  the  2091-T8X51 
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tensile  specimens  were  only  degreased).  Using  the 
chloride-carbonate-hydrogencarbonate  solution, 
time-to-failure  lives  were  found  to  be  influenced  by 
the  surface  condition  of  smooth  specimens  [17]. 
However,  the  data  obtained  from  constant  load  tests 
in  the  chloride-chromate  solution  also  exhibited 
scatter,  although  the  specimens  were  etched  prior  to 
immersion  in  this  synthetic  environment.  Therefore, 
mechanical  effects  or  changes  of  the  synthetic 
environments  can  also  play  a  role. 

Results  of  SSR  tests  for  the  alloys  8090-T8171  and 
2091-T8X51  are  plotted  in  Figs.  10  and  11.  Short 
transverse  tensile  specimens  were  dynamically 
strained  in  an  aqueous  solution  of  0.5  M  NaCl  -I- 
0.1  M  LiCl  -I-  0.05  M  NaHCOj  +  0.05  M 
NajCOj.  The  SSR  testing  technique  indicated 
sensitivity  to  environmentally  assisted  cracking  for 
the  2091-T8X51  plate.  In  contrast  to  static  loading 
tests,  a  rather  slight  SCC  susceptibility  was  found 
for  the  8090-T8171  plate.  Similiar  results  were 
obtained  for  both  alloys  from  SSR  tests  using  sub¬ 
stitute  ocean  water  [17,22].  The  poor  correlation 
between  the  results  of  static  loading  tests  and  those 
of  the  SSR  testing  technique  for  the  alloy  8090- 
T8171  might  be  related  to  relatively  long  SCC  incu¬ 
bation  periods.  As  found  by  Buis  and  Schijve  for 
the  alloy  2090-T83,  crack  initiation  in  substitute 
ocean  water  depended  on  the  passive  film 
breakdown  by  pitting  [23]. 

5.  CONCLUSIONS 

1.  Recrystallized  8090-T81  and  2091-T84  sheets  are 
prone  to  exfoliation  corrosion,  as  indicated  by 
laboratory  tests.  In  these  tests,  control  2024-T3 
sheet  suffers  predominantly  pitting. 

2.  Damage  tolerant  8090-T8171  and  2091-T8X51 
plates  are  susceptible  to  exfoliation  corrosion.  Their 
behaviour  is  similar  or  slightly  better  than  that  of 
conventional  2024-T351  plate. 

3.  Using  an  aqueous  solution  of  0.5  M  NaCl  -I-  0.1 
M  LiCl  +  0.05  M  NaHCOj  +  0.05  M  Na^COj,  the 
SSR  testing  technique  indicates  sensitivity  to  stress 
corrosion  cracking  for  damage  tolerant  8090-T81 
and  2091-T84  sheet  materials. 

4.  As  found  in  static  loading  tests,  8090-T8171  and 
2091-T8X51  plates  are  virtually  immune  to  environ¬ 
mentally  assisted  cracking  when  stress  is  applied  in 
longitudinal  and  long  transverse  directions. 

5.  When  loaded  in  the  short  transverse  direction, 
both  plates  are  susceptible  to  stress  corrosion 
cracking.  The  SCC  initiation  resistance  is  similar  to 
that  of  2024-T351  plate.  Threshold  stresses  below 
100  MPa  are  determined. 
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Strain  Rate  (s 

Fig.  2.  Fracture  energy  vs.  strain  rate  for  8090-T81  sheet.  Long  transverse  tensile  specimens  were 
dynamically  strained  in  an  aqueous  chloride-carbonate-hydrogencarbonate  solution.  Data  for  pre-exposed 
specimens  are  included. 
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Fig.  3.  Fracture  energy  vs.  strain  rate  for  2091-T84  sheet.  Long  transverse  tensile  specimens  were 
dynamically  strained  in  an  aqueous  chloride-carbonate-hydrogencarbonate  solution.  Data  for  pre-exposed 
specimens  are  included. 
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Fig.  4.  Time-to-failure  data  for  2091-T8X51  plate.  Short  transverse  tensile  specimens  were  exposed  to  the 
urban  industrial  environment  at  Cologne  and  alternately  immersed  in  3.5%  NaCl  solution  according  to 
ASTM  G44  under  constant  deformation  conditions.  Numbers  indicate  the  numbers  of  specimens  tested. 


Fig.  5.  Scanning  electron  fractograph  of  a  2091-T8X51  specimen  showing  intergranular  stress  corrosion 
cracking.  The  short  transverse  tensile  specimen  failed  after  120  days  of  exposure  to  urban  industrial 
environment  at  an  applied  stress  of  150  MPa. 
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Fig.  6.  Time-to-failure  data  for  8090  and  2024  plate  materials  in  different  tempers.  Short  transverse  tensile 
specimens  were  alternately  immersed  in  3.5%  NaCl  solution  according  to  ASTM  G44  under  constant 
deformation  conditions.  Numbers  indicate  the  numbers  of  specimens  tested. 


Fig.  7.  Time-to-failure  data  for  a  30  mm  thick  8090  plate  which  was  received  in  the  T351  condition  and 
aged  to  different  tempers.  Short  transverse  orientated  C-ring  specimens  were  alternately  immersed  in  3.5% 
NaCl  solution  at  a  temperature  of  22 °C  and  under  uncontrolled  relative  humidity. 
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Fig.  8.  Time-to-failure  data  for  8090-T8171  plate.  Short  transverse  tensile  specimens  were  permanently 
immersed  in  substitute  ocean  water  and  in  an  aqueous  chloride-carbonate-hydrogencarbonate  solution  under 
constant  load  conditions.  Numbers  indicate  the  numbers  of  specimens  tested. 
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Fig.  9.  Time-to-failure  data  for  2091-T8X51  plate.  Short  transverse  tensile  specimens  were  alternately 
immersed  in  3.5%  NaCl  solution  or  permanently  immersed  in  substitute  ocean  water  and  in  an  acidified 
aqueous  chloride-chromate  solution  under  constant  load  conditions. 
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Fig.  10.  Fracture  energy  vs.  strain  rate  for  8090-T8171  plate.  Short  transverse  tensile  specimens  were 
dynamically  strained  in  an  aqueous  chloride-carbonate-hydrogencarbonate  solution.  Data  for  pre-exposed 
specimens  are  included. 
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Fig.  11.  Fracture  energy  vs.  strain  rate  for  2091-T8X51  plate.  Short  transverse  tensile  specimens  were 
dynamically  strained  in  an  aqueous  chloride-carbonate-hydrogencarbonate  solution.  Data  for  pre-exposed 
specimens  are  included. 
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EFFECT  OF  LOADING  DIRECTION  AND  LONG-TERM  AGING 
ON  FATIGUE-CRACK  GROWTH  IN  Al-Li  ALLOY  2090 


M.  Amk  and  M.  Doruk 
Metallurgical  Engineering  Department 
Middle  East  Technical  University 
06531  Ankara 
Turkey 


1.  SUMMARY 

The  effect  of  prolonged  exposures  up  to  1000  Hr  at  150,  165 
and  180“C  on  the  fatigue-crack  growth  were  studied  in  the 
Al-Li  alloy  2090  using  the  direct  current  potential  drop 
technique,  and  results  compared  with  crack  growth  rates 
determined  in  salt-water.  The  CCT  specimens,  40x200  mm  in 
size,  were  taken  from  the  sheet  material  with  a  thickness  of  1.6 
mm.  Since  one  of  the  purposes  of  this  work  was  to  investigate 
the  directionality  of  fatigue-crack  growth  behavior,  the 
specimens  were  machined  in  the  grainflow  direction  (L-T), 
long-transverse  direction  (T-L)  and  45“  to  rolling  direction 
(L-i45°).  The  pretreatment  applied  before  the  aging  consisted 
of  solutionizing  at  550“C  for  one  hour  followed  by  6% 
stretching. 

According  to  the  air  results,  the  fatigue-crack  growth  behavior 
did  not  vary  significantly  with  specimen  orientations  tested  in 
this  study.  On  the  other  hand,  the  long-term  aging  was  found 
to  have  a  pronounced  effect  on  the  crack  growth  kinetics, 
demonsrated  by  growth  rates  which  increased  up  to  about  8 
fold  following  aging  for  1000  Hr.  The  rate  of  the  salt-water 
induced  fatigue-crack  growth  was  higher  at  low  values,  but 
lower  at  high  values  of  AK,  relative  to  those  obtained  in  air. 
Whereas  the  reduction  in  roughness  induced  crack  closure 
effect  is  believed  to  be  responsible  for  enhancement  at  low 
stress  intensity  ranges  the  retardation  at  high  AK -values  may 
be  attributed  to  crack-tip  electrochemistry,  whereby 
intermetallics  with  high  cathodic  efficiency  are  thought  to  play 
a  role. 


2.  INTRODUCTION 

The  precipitation  hardening  Al-Li-Cu  alloys  are  known  for 
their  superior  fatigue-crack  growth  resistance  as  compared  to 
traditional  high-strength  aluminum  alloys  such  as  2000  and 
7000  series  [1-5].  As  far  as  the  long  cracks  are  concerned  the 
so-called  extrinsic  toughening  through  the  crack  tip  shielding 
is  considered  to  be  responsible  for  this  behavior.  Crack  deflec¬ 
tion  and  wedging  through  the  crack  surface  roughness  or 
corrosion  products  induced  crack  closure  appear  as  the  most 
effective  mechanisms  that  may  result  in  crack  tip  shielding  in 
Al-Li  alloys.  The  high  propensity  to  coarse  planar  slip  is 
considered  to  be  the  major  cause  both  of  the  tortuous  crack 
path  and  crack  branching  that  may  reduce  the  crack  driving 
force  [6-7].  On  the  contrary,  the  initiation  phase  of  fatigue 
cracks  in  Al-Li  alloys  has  been  documented  to  be  shorter  than 
that  of  convential  alloys  [8].  This  behavior  is  attributed  to  the 
extensive  strain  localization  and  strong  texture  found  in  these 
alloys.  The  optimum  microstructure  for  fatigue  crack  initiation 
was  claimed  to  be  consistent  with  that  required  for  high 
fracture  toughness  [9]. 

Despite  their  high  fatigue-crack  growth  resistance,  the  Al-Li 
alloys  exhibit  a  high  degree  of  anisotropy  especially  when 
they  are  loaded  in  the  short-transference  direction.  In  this 
orientation  the  crack  extension  would  follow  the  rolling  plane 
and  occur  basically  by  intergranular  delamination.Experiments 


with  a  12.7  mm  thick  plate  of  Al-Li -Cu-Zr  alloy  2090-T8E41 
revealed  about  20  percent  reduction  in  the  threshold  level  when 
tested  in  S-L  and  S-T  orientations  as  compared  to  L-T,  T-L  and 
T-S  orientations  with  fracture  plane  perpendicular  to  the  rolling 
plane  [5]. 

Amother  question  of  considerable  interest  is  the  effect  of 
prolonged  heating  on  the  fatigue  behavior  of  Al-Li  alloys. 
Experiments  with  lightly  overaged  (100  hrs  heating  at  163“) 
and  overaged  (1000  hrs  heating  at  163“C)  Al-Li  alloy  2090 
showed  that,  above  around  l6®m/cycle,  the  fatigue  crack  rates 
progressively  increase  with  aging  time,  whereas  near  threshold 
growth  rates  below  about  lO^m/cycle  were  found  to  be 
comperatively  unchanged  [10].  This  behavior  was  attributed  to 
the  reduced  crack  closure  in  overaged  compared  to  the  peak- 
aged  alloys. 

In  conventional  high-strength  aluminum  alloys,  the 
fatigue-crack  propagation  is  enhanced  by  aqueous 
environments.  Of  particular  interest  is  the  crack  growth 
kinetics  induced  by  agressive  solutions  such  as  sea  water. 
Some  conventional  alloys  exposed  to  salt-water  showed  no 
significant  degradation  in  fatigue-crack  growth  behavior  when 
tested  in  the  low  AK -region.  This  behavior  was  attributed  to  the 
crack  closure  effect  induced  by  corrosion  products  that  remain 
within  the  crack  [11]. 

The  situation  with  the  Al-Li  alloys,  however  may  be 
significantly  different  from  that  experienced  with  the 
conventional  alloys.  The  limited  data  available  in  this  area 
show  that  the  tortuosity  of  fracture  path,  characteristic  for 
Al-Li  alloys,  (especially  for  2090-T8E41)  may  be  reduced  by 
combined  action  of  fatigue  load  and  corrosive  environment 
[11].  This  may  reduce  the  roughness  induced  crack  closure  and 
result  in  an  enhancement  of  crack  extension.  However,  this 
situation  would  be  complicated  by  the  adverse  effect  of  the 
corrosion  product.  Evidently,  further  research  is  needed  to 
elaborate  these  questions. 

The  present  study  was  undertaken  to  generate  further  data  on 
the  fatigue-crack  growth  behavior  of  a  conventional 
high-strength  Al-Li-Cu  alloy  whereby  a  special  emphasis  was 
devoted  to  the  effect  of  specimen  orientation  and  the  long-term 
aging  on  fatigue-crack  propagation  in  the  air  and  under 
salt-water  exposure. 

3.  EXPERIMENTAL  DETAILS 

The  material  investigated  was  an  Al-Li-Cu-Zr  alloy  2090  in  the 
form  of  a  1.6  mm  thick  sheet.  Strips  42  mm  wide  and  440  mm 
long  cut  from  the  sheet  in  three  different  direction  (parallel, 
normal  and  inclined  by  45“to  rolling  direction)  were  solution 
heat  treated  at  550°C  in  a  specially  prepared  salt  bath. 
Following  stretching  by  6  percent  the  strips  were  halved  and 
machined  to  final  shape  and  the  dimensions  of  specimens  are 
depicted  in  Figure  1.  Then,  the  specimens  were  aged  at  150, 
165  and  180“C  for  20,  100  and  1000  Hr.  The  aging  treatment 
was  carried  out  in  a  heating  bath  circulator  filled  with  a  silicon 
based  oil.  The  aging  temperature  could  be  held  constant  within 
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Table  1 .  Orientatbn  of  and  heat-treatment  applied  to  spe¬ 
cimens  used  in  the  fatigue  tests. 


Specimen  Orientation 
and  Aging  Temperature 

Aging  time,  Hours 

150°C 

L-T  I65®C 

ISOT 

150°C 

T-L  165°C 

20  100  1000 

180°C 

ISO^C 

L-t45‘’  165°C 

ISO^C 

J 

±0.01°C.  As  indicated  by  the  Table  1,  the  experimental  prog¬ 
ramme  consisted  of  fatigue  testing  27  specimens  with  different 
orientation  and  different  heat  treatment. 

All  fatigue  tests  were  carried  out  on  a  closed  loop 
servo-hydraulic  machine  with  a  load  capacity  of  10.000  kg 
operating  under  load  control.  Sinusoidal  loading  was  applied  at 
a  frequency  of  5  Hz  and  the  stress  ratio  R  was  0.05,  which  was 
kept  constant  through  the  whole  experiinens.  The  maximum 
load  was  500  kg,  which  corresponded  to  a  maximum  nominal 
stress  of  76.61  MPa. 

The  starter  notch  in  the  center  of  sjjecimens  produced  by 
electrical  discharge  machining  (EDM)  was  converted  to  an 
initial  crack  through  applying  fatigue  load  until  the  crack  grew 
to  a  length  of  approximately  5  mm.  Fatigue  tests  were  con¬ 
tinued  up  to  unstable  failure.  The  critical  crack  length  at  which 
unstable  failure  was  initiated  was  always  lower  than  0.7  W, 
i.e.  within  the  validity  range  of  the  stress  intensity  equation. 

The  propagation  of  fatigue  cracks  was  measured  both  by  a 
travelling  microscope  and  the  direct  current-potential  drop 
(dc-pd)  technique  to  calibrate  the  potential  drop  according  to 
crack  length.  Furthermore,  the  data  generated  by  these 
measurements  were  fitted  with  the  polynomial, 

(VA^o)  /  (Vrefmefo)  =  0.970204  -i-  0.262386  (2a/W)  - 
3.88706  (2aAV)2  +  40.7865  (2a/W)9  -110.555  (2aAV)4  -i- 
136.94(2aAV)5  -  62.9274  (2aAV)6 

where  V  and  Vref  are  the  potential  drop  and  the  reference 
potential  drop,  and  Vo  and  Vrefo  are  their  initial  values.  The 
reference  potential  drop  was  monitored  also  to  compensate  for 
temperature  changes.  In  addition,  the  potential  drop  was 
recorded  twice  through  reversing  the  polarity  at  the  power 
source  every  time.  In  all  dc-pd  measurement  the  excitation 
current  was  10  A  and  could  be  kept  constant  within  the  limits 
+30  mA.  Potential  was  measured  to  a  precision  of  +1  pV  and 
the  crack  length  measurement  resolution  was  better  than  +50 
pm. 

The  effect  of  salt-water  exposure  on  the  fatigue-crack 
propagation  was  one  of  the  objectives  that  would  be  achieved 
in  this  study.  Therefore,  the  experimental  programme  outlined 
in  Table  1  was  duplicated  whereby  3.5%NaCl  aqueous 
solution  was  circulated  through  the  crack  in  the  specimen.  The 
plexiglas  cell  that  was  used  in  salt-water  experiments  is 
illustrated  in  Figure  2.  The  design  of  the  two-piece  cell  is  such 
that  the  contact  with  salt-water  of  the  spot  welded  regions  on 
both  faces  of  specimens  is  avoided. 

4.  RESULTS  AND  DISCUSSION 
4.1.  Microstructures 

In  order  to  follow-up  the  microstructural  changes  upon 
artificial  aging  in  alloy  2090,  transmission  elecPon 
microscopy  (TEM)  was  applied  extensively.  The  results  of  the 
TEM  study  are  summarized  briefly  before  the  fatigue-crack 
growth  behavior  is  discussed  in  detail. 


In  as-received  condition  the  microstructure  of  alloy  2090 
consisted  of  very  small  and  homogeneously  distributed  phases 
whereas  no  precipitation  was  observed  at  the  grain  boundaty 
regions.  Spherical  6', 5'  encapsulating  spherical  AI3&,  coating 
the  plate-like  0',  0'  on  Al3Zr  and  Tj  were  types  of  precipitates 
idendified  with  the  help  of  TEM.  After  the  solutionizing  heat 
treatment  prior  to  artificial  aging  the  only  visible  phase  was 
Al3Zr. 

The  aging  at  150°C  resulted  in  the  formation  of  the  spherical 
5'  which  was  idendified  as  the  major  precipitate  at  this 
temperature.  Its  number  density  increas^  when  the  aging  time 
was  extended  to  100  hr.  The  further  extension  of  the  aging 
time  to  1000  hr,  however,  induced  a  coarsening  of  this  phase, 
and  while  the  number  density  decreased  the  diameter  of 
precipitates  grew  two  or  three  fold.  A  6'  precipitate  free  zone 
(FEZ)  was  idendified  adjacent  to  grain  boundaries  and  also 
some  5  at  grain  boundary  regions  when  the  aging  time  was 
sufficiently  long  (100  and  1000  Hr).  Generally,  the  grain 
boundary  precipitates  were  coarser  for  the  1000  hours  aging. 
The  plate-like  0'  precipitates  were  observed  following  20  and 
100  Hr  aging,  and  most  of  them  are  coated  by  5'  phase.  Upon 
aging  for  1000  Ft,  however,  they  disappeared  almost 
completlv,  so  that  the  S'  precipitates  appeared  to  be  associated 
with  Al3Zr  instead  of  the  0'  phase.  'The  aging  for  100  Hr 
resulted  in  the  plate-likeTj  precipitates  being  much  coarser  for 
the  longer  aging  time. 

The  dominant  phases  in  aging  at  165°C  were  the  plate-like  T^ 
and  0' ,  and  S'  showing  a  homogeneous  distibution  over  the 
matrix.  There  was  S'  PFZ  near  to  grain  boundaries  and  around 
Ti  precipitates  as  well.  Precipitates  both  in  matrix  and  at  grain 
boundaries  appeared  coarser  when  compared  to  aging  at 
ISO'^C.  Up  to  100  Hr  aging  time  S'  was  observed  to  be 
associated  with0'and  Al3Zr  while  in  1000  Hr  aging  only  with 
Al3Zr  precipitates. 

The  aging  treatments  at  180°C  caused  a  general  coarsening  of 
precipitates.  This  was  exhibited  clearly  by  the  coarse 
precipitates  at  grain  boundaries  induced  by  aging  for  1000  Hr. 
Also  the  spherical  S  precipitates  showed  a  very  coarse 
distribution  especially  when  the  aging  times  were  long.  The  Ti 
phase  apj>eared  to  be  dominant  in  the  matrix,  and  there  was  a 
6'  PFZ  around  the  large  Tj  precipitates.  '0'  —  precipitates  were 
observed  in  specimens  aged  for  shorter  periods  of  time  (20 
and  100  Hr)  with  the  little  amount  of  5'  precipitates  coating 
this  particular  phase  whereas  the  majority  of  5' encapsulated 
Al3Zr. 

4.2.  Fatigue-Crack  Growth  Behavior 

Fatigue-crack  growth  data  for  specimens  of  the  alloy  2090 
prepared  according  to  Table  1  and  tested  in  the  laboratory  air 
are  shown  in  Figures  3-5.  As  seen  from  these  data,  the 
AK -range  that  could  be  covered  in  the  experiments  begins  at 
about  7  and  extends  to  about  22  MPaVm  Evidently,  da/dN-AK; 
plots  included  in  these  figures  give  no  information  on  the 
threshold  stress  intensities  AKy^,  and  the  evaluation  of  results 
has  to  be  accomplished  by  direct  comparison  of  da/dN-  AK. 
curves.  An  additional  approach  used  in  this  study  was  to 
compare  the  crack  growth  rates  for  an  intermediate  value  of 
AK.  which  was  selected  as  12  MPa  VmT 

4.2.1.  Effect  of  Orientation 

According  to  the  crack  length-number  of  cycles  data  that  are 
not  presented  here,  the  T-L  orientation  appears  to  have  the 
highest  fatigue-crack  growth  resistance  especially  for 
specimens  with  lower  degree  of  aging.  For  example,  the 
specimens  aged  for  20  Hr  at  165  and  ISO^C  showed  almost  the 
same  growth  rates  in  L-T  and  L-l45°,  which  were  higher  than 
that  in  T-L  orientation.  These  differences  tend,  however,  to 
diminish  with  increasing  aging  times  as  illustrated  by 
specimens  treated  for  100  and  1000  Hr  at  165°C.  Although  the 
specimen  aged  for  20  Hr  exhibited  a  slightly  higher  fatigue- 
crack  growth  resistance  in  T-L  over  the  other  two  orientation, 
this  difference  disappeared  almost  completly  when  the  aging 


T able  2.  Enhancement  of  fatigue-crack  growth  as  a  function 
of  aging  and  specimen  orientation 
(for  AK=12MPaVnr). 


Aging 

Time  (Hrs)  Temperature  (®C) 

Specimen  Orientation 

L-T  T-L  L+45° 

Kmax  (MPa^) 

150 

1 

1 

23.63 

20  165 

1 

1 

23.62 

180 

1 

1 

22.84 

150 

1.59 

1.34 

1.58 

23.42 

100  165 

1.78 

2.02 

1.44 

20.74 

180 

2.96 

2.13 

1.67 

20.84 

150 

8.79 

7.73 

4.93 

17.58 

1000  165 

6.86 

7.46 

5.57 

18.84 

180 

7.60 

5.46 

3.35 

17.47 

time  was  increased  up  to  1000  Hr.  An  exception  to  this  were 
the  specimens  aged  at  180°C.  As  seen  from  Figure  6,  the  crack 
growth  tends  to  be  faster  in  L-T  direction,  relative  to  other 
orientations.  At  the  first  glance  these  results  may  be  found  to 
be  contradictory  to  the  fairly  well  established  fact  that  the 
crack  path  in  L-T  orientation  is  deflected  and  branched  while 
it  remains  more  straight  in  T-L  orientation,  consistent  with  the 
higher  fatigue-crack  growth  resistance  in  L-T,  compared  to 
T-L  orientation  [12].  This  may  be  due  to  the  partial,  not 
necessarily  a  true  reflection  of  fatigue-crack  growth  behavior 
provided  by  the  comparison  in  Figure  6. 

To  get  a  more  realistic  view  on  the  effect  of  orientation  on  the 
fatigue-crack  growth  rates,  the  da/dN-AK.  curves  obtained  in 
three  different  orientations  are  plotted  on  the  same  graph  to 
enable  a  direct  comparison.  Figure  7  constructed  for  20,  100 
and  1000  Hr  aging  times  (aging  temperature  165‘’C)  separately 
exhibit  a  fairly  close  overlapping  of  the  da/dN-AK  curves  that 
belong  to  different  specimen  orientations. 

The  present  study  was  carried  out  with  a  sheet  of  1.6  mm 
thickness.  Therefore,  measurement  in  S-L  and  S-T  orientations 
could  not  be  conducted.  As  pointed  out  earlier,  a  study  with  a 
12.7  mm  thick  plate  of  alloy  2090-T8E41  revealed  about  20 
percent  reduction  in  AKjd  when  tested  in  latter  orientations, 
compared  to  L-T,  T-L  and  T-S  whereby  the  intergranular 
delamination  was  identified  as  the  principal  crack  growth 
mechanism  [5].  All  these  results  may  be  interpreted  to  mean 
that  the  anisotropy  of  the  fatigue  crack  growth  resistance  of 
alloy  2090  confines  essentially  to  orientations  S-L  and  S-T 
with  thick-sectioned  parts  diat  are  loaded  also  in  the 
short-transference  direction. 

4.2.2.  Effect  of  High  Temperature  Exposure 

The  overwhelming  effect  of  the  high  temperature  exposure  on 
the  fatigue-crack  growth  resistance  of  alloy  2090  can  be 
deduced  directly  from  da/dN-  AK^  curves  included  in  Figures 
3-5.  The  specimens  aged  at  150°C  exhibited  the  highest 
resistance  to  fatigue-crack  propagation,  and  it  was  found  to 
degrade  with  the  increasing  temperature  as  illustrated  by  the 
enhancement  of  crack  growth.  Comparing  the  crack  growth  at 
AK=12  MPaVnTone  may  find  that  the  increase  in  crack  growth 
rate  was  roughly  two  fold  when  the  aging  temperature  was 
changed  from  150  to  180°C  for  the  same  exposure  times. 

On  the  contrary,  the  exposure  time  which  was  extended  up  to 
1(X)0  Hr  appeared  to  be  the  dominant  factor  causing  rapid 
increase  of  fatigue-crack  growth  rate.  Using  again  the  data  that 
corresponds  to  AK=12  MPaVim  Figure  8  was  constructed  to 
show  the  effect  of  aging  time,  compared  to  temperature  and 
specimen  orientations.  In  addition,  the  ratios  of  crack  growth 
rates  for  20  Fir  aging  to  that  following  aging  for  100  Hr  and 
exposures  for  lOCiO  were  given  in  Table  2. 

In  the  present  study  no  attempt  was  made  to  measure  the 
fracture  toughness  of  alloy  2090  as  a  function  of  aging 
treatment  and  specimen  orientation.  Instead,  the  maximum 
values  of  stress  intensity  at  which  the  unstable  fracture  was 
initiated  were  determined.  Since  they  were  very  similar  for  the 
three  orientations,  but  the  same  aging  temperature  and  time. 


their  avarage  was  taken  and  added  to  the  last  column  of  Table 
2,  to  show  the  correlation  between  Kmax  and  the  degree  to 
which  the  fatigue-crack  growth  was  enhanced  following  the 
prolonged  heating.  According  to  these,  compared  to  aging  for 
20  and  100  Hr,  exposures  for  1000  Hr  are  found  to  induce 
about  20  to  25  and  10  to  16  percent  reductions  in  Kmax 
respectively.  The  degradation  reflected  by  these  data  was 
attributed  to  the  coarsening  of  matrix  precipitates,  the 
formation  of  subgrain  boundary  and  grain  boundaty 
precipitates  and  Cu-rich  precipitates  which  resulted  in 
Cu-depleted  and  PFZs  [10]. 

The  progressive  increase  of  the  fatigue-crack  growth  rates 
following  high-temperature  exposure  for  extended  periods  of 
time  was  explained  in  terms  of  crack  closure.  According  to 
this,  a  reduction  in  crack  closure  in  over-aged,  compared  to 
under  or  peak-aged  structures  in  conformity  with  the 
microscopic  change  from  branched  to  linear  crack  paths  was 
claimed  to  be  responsible  for  the  enchancement  of 
fatigue-crack  propagation  [10].  In  the  present  study,  however, 
no  data  were  generated  that  might  be  in  support  of  this  type  of 
mechanism. 

4.2.3.  Effect  of  Salt-Water  Exposure 

Fatigue-crack  growth  rate  data  for  alloy  2090  tested  in 
3.5%NaCl  aqueous  solution,  compared  to  those  obtained  in  air 
are  given  in  Figures  9-11  for  specimens  in  the  L-T  orientation, 
but  aged  differently.  As  far  as  the  detrimental  effect  of  the  salt 
water  is  concerned,  it  is  apparent,  that  at  low  AK-values  the 
fatigue-crack  growth  rates  are  higher  than  those  determined  in 
air.  This  type  of  behavior  was  exhibited  most  clearly  by  the 
specimens  aged  at  150“C  (Figure  9).  For  example,  a 
comparison  for  AK=8  MPavm  reveals  that  the  rates  of 
salt-water  enchanced  fatigue-crack  growth  are  about  two  fold 
over  those  in  air.  The  differences  between  the  crack  growth 
rates,  tend,  however,  to  diminish  with  the  increasing  stress 
intensity  range,  and  they  become  equal  at  a  AK.  which  is 
observed  to  shift  to  lower  values  upon  increasing  the  aging 
time  (As  inferred  from  the  Figures  8a-c,  for  specimens  aged  at 
150°C,  AK-values  at  which  the  crack  growth  rates  both  in  air 
and  salt  water  become  equal  are  about  20,  15  and  12  MPaVrii 
for  aging  times  of  20,  100  and  1000  Hr  respectively).  At 
higher  AK-values,  however,  the  crack-growth  rates  in 
salt-water  appear  to  be  lower  than  those  in  air.  The  da/dN-  AK 
curves  obtained  with  specimens  aged  at  165  and  185°C  show 
the  same  type  of  behavior.  Although  the  salt-water  induced 
degradation  following  aging  at  165°C  appears  to  be  less,  the 
rates  of  fatigue-crack  growth  tend  to  increase  at  low  AK- 
values.  For  example,  specimens  that  were  aged  at  165°C  for 
1000  Hr  yielded  slower  crack  prop^tion  in  salt  water  at 
AK-values  higher  than  about  8  MPaVm  (Figure  10c). 

The  salt-water  enhancemend  of  the  fatigue-crack  growth  at 
low  stress  intensity  range  appears  to  be  consistent  with  the 
results  of  previous  investigations  [11].  This  behavior  was 
attributed  to  the  reduction  of  the  roughness  induced  crack 
closure  caused  by  the  combined  action  of  fatigue  stresses  and 
corrosive  environment.  There  is  now  sufficient  evidence  in  the 
literature  that  the  stress  intensity  has  an  effect  on  the  stress 
intensity  range  ratio  defined  as  AKeff/AK.  Since  this  ratio 
tends  to  decay  with  decreasing  AK>  a  reduction  in  the 
tortuosity  of  the  firacture  surfaces  through  the  proposed 
fretting-like  mechanism  may  cause  a  fast  increase  in  the 
magnitude  of  AKeff  when  the  crack  length  is  small.  This  may 
explain  why  the  salt-water  induced  crack  growth  faster  than 
that  in  air  at  small  AK  -values. 

When  the  attention  is  focussed  on  slower  growth  of  fatigue 
cracks  at  high  stress  intensity  ranges  under  the  salt-water 
exposure,  the  crack  tip  chemistry  may  be  found  to  play  a  role. 
In  this  context,  it  would  be  worthwhile  to  examine  the 
scanning  electron  micrographs  of  firacture  surfaces  shown  in 
Figure  12.  The  intermetallics  that  are  known  to  be  present 
prior  to  aging  treatment  become  visible  on  the  fracture 
surfaces  when  the  stress  intensity  range  is  sufficiently  high 
(Figure  12c).  The  intermetallics  iJiat  may  contribute  to  crack 

deflection  at  low  stress  intensities  are  cut  at  higher  AK-values. 
The  intermetallics  are  expected  to  be  electrochemically  nobler 
than  the  alloy  and  to  act  as  cathodic  sites  in  a  cell  established 
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between  these  regions  and  the  crack  front.  A  model  that  may 
explain  the  slower  fatigue-crack  growth  in  salt  water  and  at 
higher  stress  intensities  may  require  the  passivation  of  the 
crack  front  under  the  effect  of  high  anodic  current  densities  in 
this  region.  Or,  if  the  hydrogen  cracking  is  adopted  as  the 
basic  mechanism  that  underly  the  corrosion  fatigue  of  alloy 
[13-14],  this  model  would  be  consistent  with  the  removal  of 
hydrogen  ions  from  the  crack  tip.  Obviously,  more  research  is 
needed  to  develope  a  better  understanding  of  environmental 
effect  on  the  fatigue-crack  growth  in  Al-Li  alloys. 

5.  CONCLUSIONS 

Based  on  a  study  of  the  fatigue-crack  growth  behavior  of 
Al-Li  alloy  2090  as  a  function  of  specimen  orientation  and 
long-term  aging  the  following  conclusions  can  be  drawn: 

1.  By  the  direct  comparison  of  the  da/dN-  AK  curves  it  can  be 
confirmed  that  tlie  fatigue-crack  growth  behavior  is  not 
significantly  different  for  specimen  orientations  L-T,  T-L 
and  L-h45°. 

2.  Long-term  aging  appears  to  have  a  pronounced  effect  on 
fatigue-crack  growth  kinetics.  Whereas  the  specimens  in  the 
underaged  condition  exhibited  the  highest  resistance  to 
crack  growth,  the  exposure  times  up  to  1000  Hr  caused  a 
progressive  increase  in  rates  of  crack  advance  in  all 
specimen  orientations  tested.  A  comparison  for  AK.=  12 
MPa''/m  reveals  accelerations  in  the  crack  growth  up  to 
about  8  fold  following  aging  for  1000  Hr. 

3.  The  rate  of  salt-water  induced  fatigue-crack  growth  was 
higher  at  low  values  but  lower  at  high  values  of  AK, 
compared  to  those  obtained  in  air.  The  enhancement  in 
crack  growth  at  low  AK-values  is  attributed  to  a  decrease  in 
the  roughness  induced  crack  closure  effect  caused  by  the 
combined  action  of  the  fatigue  load  and  corrosion.  The 
retardation  observed  at  high  AK-values,  however,  may  be 
related  with  the  cathodic  effectiveness  of  intermetallics  that 
would  be  exposed  directly  to  the  environment,  since  they 
are  cut  by  the  advancing  crack  rather  than  serve  to  deflect 
the  crack  path.  Accordingly,  the  crack  growth  may  be 
impeded  eiher  by  the  passivation  of  the  crack  front  under 
the  effect  of  high  anodic  currents  or  the  removal  of 
hydrogen  ions  from  the  crack-tip  region  resulting  in  a 
retardation  of  hydrogen  embrittlement. 
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Figure  2.  Design  of  the  two-piece  cell  for  fatigue  tests 
conducted  in  salt-water.  The  mounting  of  the 
cell  has  to  be  such  that  the  position  of  the 
pieces  are  rotated  by  1 80°.  relative  to  each 
other. 


Figure  1.  GOT  Specimen  used  for  fatigue  test  and  its 
wiring  for  direct  current-potential  drop 
technique. 


Figure  3,  Crack  grotwth  behavior  of  fatigue  cracKs  in  alloy  2090  as  a  function  of  nominai  stress 
intensity  range  showing  the  effect  of  iong-term  aging  at  150OC,  for  (a)  L-T,  (b)  T-L 
and  (c)  L+450  orientations. 
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Figure  6.  A  comparrison  of  the  fatigue-crack  growth 
rates  showing  the  effect  of  specimen 
orientation  (for  AK=12  MPa/m). 


Figure  8.  A  comparison  of  the  fatigue-crack  growth  rates 
showing  the  effect  of  prolonged  aging  (for 
AK=12  MPaATm). 
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Figure  7.  Variation  of  fatigue-crack  growth  rates  in  2090  as  a  function  of  orientation,  for  specimens 
aged  at  1 650C  for  (a)  20,  (b)  100  and  (c)  1 000  Hr. 
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Figure  9.  Comparison  of  the  fatigue-crack  growth  behavior  of  alloy  2090  in  air  and  3.5%  NaCI 
solution,  for  specimens  in  L-T  orientation  and  aged  at  150OC  for  (a)  20,  (b)  100  and 
(c)  1000  Hr. 
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Figure  1 0.  Comparison  of  the  fatigue-crack  growth  behavior  of  alloy  2090  in  air  and  3.5%  NaCI 
solution,  for  specimens  in  L-T  orientation  and  aged  at  165°C  for  (a)  20,  (b)  100  and 
(c)  1000  Hr. 
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Comparison  of  the  fatigue-crack  growth  behavior  of  alioy  2090  in  air  and  3.5%  NaCI 
solution,  for  specimens  in  L-T  orientation  and  aged  at  ISO^C  for  (a)  20,  (b)  100  and 
(c)  1000  Hr. 
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SUMMARY 

A  study  was  conducted  on  the  corrosion  behavior  of 
landing  gear  steels,  AerMet  100,  300M,  AF1410, 
HYTUF  and  4340.  This  study  included  investigations 
of  stress  corrosion  cracking  and  immersion  corrosion 
in  an  aqueous  3.5%  NaCl  solution,  salt  spray 
corrosion  in  a  fog  chamber  of  atomized  aqueous  5% 
NaCl  solution,  humidity  corrosion  in  an  atmosphere 
of  vapor  from  distilled  water  and  hydrogen 
embrittlement. 

AF1410  steel  is  most  resistant  to  stress  corrosion 
cracking,  and  it  is  followed  by  AerMet  100, 0.20C 
AF1410,  HYTUF,  300M  and  4340  steels.  The 
immersion  corrosion  and  salt  spray  corrosion  rates  of 
an  AerMet  100  steel  ai&  33-40%  and  13-20%  those  of 
a  300M  steel.  In  a  humidity  chamber,  AerMet  100 
steel  is  not  corrodible  in  110  days,  whereas  300M 
steel  is  quite  susceptible  to  humidity  corrosion. 
Compared  to  300M  steel,  AerMet  100  steel  is  less 
susceptible  to  hydrogen  embrittlement. 

LIST  OF  SYMBOLS 
a  crack  length 

B  specimen  thickness 

D  deflection  of  specimen  arms  at  load  line  in 
DCB  specimen 

E  modulus  of  elasticity 

H  half-width  of  DCB  specimen 

Kj  mode  I  stress  intensity  factor 

Kjc  plane  strain  fracture  toughness 

Kjscc  threshold  stress  intensity  for  stress  corrosion 
cracking 

L  depth  of  single  edge  notched  cantilever  bend 

type  specimen 

M  bending  moment 

t  time 


INTRODUCTION 

Ultra-high  strength  steels  are  the  materials  of  choice 
for  highly  loaded  structural  components  with  volume 
restriction  in  US  Navy  aircraft.  Examples  of  such 


components  are  landing  gear,  catapult  and  arresting 
structure,  wing  attach  fitting  and  horizontal  stabilator 
spindle.  In  the  past,  landing  gear  was  made  from  low 
alloy  steels  with  tensile  strength  above  260  ksi  (1793 
MPa),  such  as  4340  and  300M.  However,  service 
failures  due  to  low  fracture  toughness  and  poor 
resistance  to  corrosion  and  hydrogen  embrittlement 
led  to  the  prohibition  of  their  use  in  new  designs. 
Alternatives  are  more  damage  tolerant  steels,  such  as 
HYTUF  and  AF1410  and  its  higher  strength 
derivatives.  The  higher  strength  derivatives  of 
AF1410  are  0.20C  modified  AF1410  and  AerMet  100. 

AerMet  100  steel  has  a  better  combination  of  high 
fracture  toughness  (exceeding  110  ksi*in"l/2)  and 
high  tensile  strength  (280-300  ksi)  than  0.20C 
modified  AF1410.  Consequently,  it  has  a  greater 
potential  for  application  to  landing  gear  and  other 
ffacture  critic^  components.  However,  its  corrosion 
behavior  was  not  been  fully  understood.  A  study  was 
initiated  to  characterize  the  corrosion  behavior  of 
AerMet  100  and  the  other  landing  gear  steels.  The 
characterization  efforts  included  clarification  of  stress 
corrosion  cracking,  immersion  corrosion,  humidity 
corrosion,  salt  spray  corrosion  and  hydrogen 
embrittlement.  The  results  are  reported  in  this 
paper. 

EXPERIMENTAL  PROCEDURE 

1.  Materials 

AF1410,  0.20C  AF1410,  AerMet  100,  HYTUF,  4340, 
and  300M  steels  were  employed  in  this  study.  Their 
chemical  compositions  are  shown  in  Table  1.  These 
steels  were  subjected  to  heat  treatments,  consisting  of 
austenitizing,  quenching  to  martensitic  condition,  and 
then  tempering  (for  low  alloy  steels)  or  refriprating 
and  aging  to  provide  hardening  from  formation  of 
various  metallic  (M2C)  carbides  (for  Co-Ni  steels). 
The  heat  treatments  are  described  in  Table  2. 

2.  Specimens 

Double  cantilever  beam  (DCB)  and  single-edge 
notched  cantilever  bend  (SENCB)  specimens  were 
used  for  the  stress  corrosion  tests..  The  immersion 
corrosion,  humidity  corrosion,  and  salt  spray 
corrosion  tests  were  conducted  with  square  sheet 
specimens.  The  hydrogen  embrittlement 
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susceptibility  was  evaluated  with  round  tensile 
specimens.  The  specimens  are  shown  in  Fig.  1. 

3.  Tests 

a.  Stress  Corrosion  Cracking  Test 
The  stress  corrosion  cracking  test  was  performed 
employing  two  different  methods,  one  with  a  double 
cantilever  beam  (DCB)  specimen  and  the  other  with 
a  single-edge  notched  cantilever  bend  (SENCB) 
specimen.  The  method  with  a  DCB  specimen 
introduces  a  constant  crack  opening  displacement 
with  stress  intensity  decreasing  for  increasing  crack 
length.  The  threshold  stress  intensity  for  stress 
corrosion  cracking,  KjgQp,  is  defined  as  the  stress 
intensity  at  crack  arrest.  The  method  with  a  SENCB 
specimen  introduces  a  constant  bending  moment  with 
stress  intensity  increasing  with  increasing  crack 
length.  The  KjscC  defined  as  the  stress  intensity 
of  no  failure  in  an  arbitrarily  selected  test  period,  e. 
g.,  1000  or  10000  hours. 

DCB  specimens  of  AerMet  100  and  300M  steels  were 
precracked  by  tension-tension  fatigue  loading.  The 
precrack  length  was  approximately  0.068  in.  beyond 
the  notch.  Subsequently  the  specimen  was  bolt 
loaded.  The  load  was  provided  by  opposing  bolts 
inserted  across  the  notch  with  a  steel  ball  between 
the  bolts,  which  gives  uniform  loading.  The 
specimens  were  continuously  immersed  in  an 
aqueous  3.5%  NaCl  solution  at  room  temperature. 
They  were  removed  from  the  solution  at  periodic 
intervals  and  crack  lengths  were  measured  visually  on 
each  surface  with  a  traveling  optical  microscope.  The 
crack  length  versus  time  data  was  used  to  determine 
the  crack  growth  rate,  da/dt.  The  stress  intensity,  Kj, 
was  determined  for  each  measured  crack  length, 
employing  the  following  equation. 

Kj  =  (EL/3)/[4jH|(a/H)  +  0.673p] 


where 

E  : 

modulus  of  elasticity 

H  : 

half-width  of  the  specimen 

L  : 

deflection  of  specimen  arms  at  the  load 
line 

a  : 

crack  length,  defined  as  the  distance  from 
the  center  of  the  loading  bolts  to  the  crack 
tip 

SENCB  specimens  of  AerMet  100,  300M,  AF1410, 
0.2C  AF1410,  HYTUF,  and  4340  steels  were  fatigue 
precracked  in  three  point  bending.  The  precrack 
depth  was  approximately  0.050  inch  (1.3  mm)  below 
the  notch  tip.  The  precracked  portion  of  each 
specimen  was  encased  in  a  polyethylene  cell,  which 
was  then  filled  with  an  aqueous  3.5%  NaCl  solution. 
The  specimen  was  dead  weight  loaded  in  cantilever 
bending,  and  time  to  fracture  was  recorded  in 
accordance  with  a  method  developed  by  B.  F.  Brown 


(Ref  1).  The  aqueous  3.5%  NaCl  solution  was 
changed  weekly  during  the  test.  After  failure,  notch- 
plus-crack  lengths  were  measured  at  mid-  and 
quarter-thicknesses  and  averaged  for  entry  into  the 
stress  intensity  calculation.  Applied  stress  intensity, 
Kt,  was  calculated  from  a  formula  developed  by  Kies 
et  al  (Ref  2): 


where 

Ki=[4.12M,^(l/^)-(fJ/BD3/2 

: 

1-  a/D 

M  : 

applied  bending  moment 

B  : 

specimen  thickness 

a  ; 

crack  length,  defined  as  the  notch  length 
plus  the  crack  depth 

D 

specimen  depth 

b.  Immersion.  Humidity.  Salt  Sprav  Corrosion  Tests 
Prior  to  environmental  exposure,  the  dimension  of 
each  square  sheet  specimen  of  AerMet  100  and  300M 
steels  was  measured  to  permit  accurate  calculation  of 
the  exposed  area,  and  weighed.  Subsequently 
specimens  were  suspended  in  2m  aqueous  3.5%  NaCl 
solution  at  room  temperature  for  the  immersion 
corrosion  test,  in  a  humidity  chamber  of  100% 
relative  humidity  and  120°F  for  the  humidity 
corrosion  test,  and  in  a  fog  chamber  of  atomized 
aqueous  5%  NaCl  solution  and  95°F  for  the  salt 
spray  corrosion  test,  respectively.  Specimens  were 
removed  from  the  respective  corrosive  environments 
after  each  of  the  preset  exposure  periods.  The 
exposure  periods  were  10  - 101  days  for  the 
immersion  corrosion  test,  110  days  for  the  humidity 
corrosion  test,  and  17  -  209  hours  for  the  salt  spray 
corrosion  test.  Specimens  were  cleaned  in  a  solution 
of  1000  ml  hydrochloric  acid,  20  g  antimony  trioxide, 
and  50  g  stannous  chloride  to  remove  corrosion 
products,  dried  and  weighed.  From  the  weight  loss 
and  the  exposure  period,  the  corrosion  rate  was 
determined. 


c.  Hydrogen  Embrittlement  Test 
The  specimens  of  AerMet  100  and  300M  steels  were 
electrochemically  charged  at  5  mA/cm"^  for  24  hours 
in  0.2M  NaOH  +  0.2M  NaCN  prior  to  testing. 
Subsequently,  they  were  bright  cadmium  plated  to  a 
thickness  of  0.3  mil  to  prevent  egress  of  hydrogen. 
Tensijp  tests  wert  conducted  at  strain  rates  of  1x10  , 
5x10*^,  and  lxl0‘°  in/in/sec.  The  hydrogen 
embrittlement  susceptibility  was  measured  by  losses 
in  ultimate  tensile  and  yield  strengths,  percent 
elongation  and  percent  reduction  in  area. 
Fractographic  comparisons  were  made  between  as- 
received  and  hydrogen-charged  specimens  to 
determine  changes  in  failure  mechanisms. 
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d.  Metallogranhic  and  Fractogranhic  Examination 
Melallographic  specimens  were  prepared  by  standard 
techniques,  and  were  examined  via  optical 
microscopy.  The  fracture  modes  of  stress  corrosion 
cracking  and  hydrogen  embrittlement  were 
determined  via  scanning  electron  microscopic 
examination  of  the  fracture  surfaces. 

RESULTS  AND  DISCUSSION 
1.  Stress  Corrosion  Cracking 
a.  DCB  Specimen  Test 

The  variation  of  crack  length  with  time  of  exposure  to 
an  aqueous  3.5%  NaCl  solution  is  shovm  for  AerMet 
100  steel  specimens  of  L-R  and  C-L  orientations  and 
a  300M  steel  specimen  of  T-L  orientation  in  Fig.  2. 
The  initial  crack  growth  and  the  final  crack  length  are 
much  greater  in  the  300M  steel  than  in  the  AerMet 
100  steel,  indicating  better  SCC  resistance  of  the 
AerMet  100  steel.  In  the  AerMet  100  steel,  the  crack 
plane  orientation,  L-R  or  C-L,  results  in  little 
difference  in  the  crack  growth  behavior,  except  an 
incubation  period  prior  to  the  initial  crack  growth  in 
the  C-L  orientation. 

The  plots  of  crack  growth  rate,  da/dt,  vs.  stress 
intensity,  Kp  are  presented  for  the  aforementioned 
specimens  in  Fig.  3.  The  values  of  SCC  threshold 
stress  intensity,  Kjc^c*  determined  to  be  33  and 
19  ksi*in''l/2  for  the  AerMet  100  and  300M  steels, 
respectively.  Furthermore,  the  crack  ^owth  rate  is 
much  greater  for  a  given  stress  intensity  in  the  300M 
steel  than  in  the  AerMet  100  steel.  A  comparison  in 
terms  of  and  da/dt  shows  that  the  SCC 

resistance  or  the  AerMet  100  steel  is  superior  to  that 
of  the  300M  steel  in  an  aqueous  3.5%  NaCl  solution. 
Previously,  a  lower  value  of  Kjcrc.  ksi*in“l/2, 
was  reported  by  Atrens  (Ref  3)  for  an  AerMet  100 
steel  tested  in  a  3.5%  NaCl  solution.  Prior  to  the 
SCC  test,  the  steel  was  solution  treated  at  1625°F,  air 
cooled,  refrigerated  at  -108°F,  aged  at  900°F  and  air 
cooled. 

During  fatigue  precracking  in  air,  the  crack  grew 
straight  from  the  notch  tip  in  the  longitudinal 
direction  of  the  DCB  specimens  of  both  AerMet  100 
and  300M  steels.  However,  in  the  AerMet  100  steel, 
as  soon  as  a  specimen  was  dipped  in  an  aqueous 
3.5%  NaCl  solution  and  stress  corrosion  cracking 
started,  the  crack  deviated  in  the  transverse  direction 
of  the  specimen.  Fig.  4(a).  The  crack  deviation 
occurred  in  both  smooth-faced  and  side-grooved 
specimens.  The  side  groove  had  a  depth  of  10%  of 
the  specimen  thickness  but  could  not  stop  the  crack 
deviation.  Crack  deviation  was  also  observable 
during  the  later  stage  of  SCC  growth  in  the  300M 
steel.  Fig.  4(b).  Optical  microscopy  examinations  of 
a  cross-section  of  the  crack  revealed  that  the  crack 
deviated  along  nearly  parallel  light  and  dark 
alternating  bands.  Fig.  5.  These  bands,  exposed  by 


overetching  the  metallographic  specimen,  are  here 
referred  as  "ghost  bands,"  and  are  known  to  result 
from  micro  segregation  of  alloying  elements  in  the 
original  ingot  (Refs  4  and  5).  Working  of  the  ingot 
accounts  for  the  banding  orientation  in  the 
deformation  direction  (Refs  4  and  5).  A  greater 
portion  of  the  crack  appears  to  align  with  the  darker 
bands.  Olson  et  al  (Ref  6)  also  observed  similar 
bands  in  ESR  4340  steel  forgings  and  association  of 
the  brittle  behavior  with  regions  of  intergranular 
fracture  aligned  with  the  banding.  An  electron 
microprobe  analysis  of  ghost  bands  shows  lower 
amounts  of  Cr,  Ni  and  Mo  in  the  dark  band  than  in 
the  light  band,  as  shown  in  Table  3.  The  SEM 
fractographic  features  of  a  crack  surface  in  a  DCB 
specimen  indicate  that  the  SCC  mode  is 
predominantly  intergranular  cracking.  Fig.  6. 

b.  SENCB  Specimen  Test 
The  combined  results  of  SENCB  specimen  tests, 
variations  of  stress  intensity  with  time  to  failure 
and  KjgpQ  values,  are  shown  m  Fig.  7  and  Table  4. 
Among  the  steels  tested,  the  AF1410  steel  has  the 
best  see  resistance.  However,  the  carbon  content 
increases  from  0.15  to  0.20%  in  the  0.20C  AF1410 
results  in  a  decreased  SCC  resistance.  The  AerMet 
100  steel,  a  high  strength  derivative  of  AF1410,  shows 
a  SCC  resistance  comparable  to  the  0.20C  version  of 
AF1410.  The  300M  steel,  commonly  used  in  landing 
gear  applications  in  the  past,  shows  poorer  SCC 
resistance,  even  at  10,000  hours.  Evidence  of  a  slight 
anisotropy  is  seen  in  the  behavior  of  HYTUF  steel 
between  specimens  oriented  in  the  LT  and  TL 
directions.  As  shown  in  Table  4,  the  KisCC  values 
are  less  in  the  TL  direction  than  in  the  LT  direction. 
This  effect  is  not  apparent  in  the  AF1410  steel.  The 
difference  in  anisotropy  may  reflect  the  difference  in 
cleanliness  of  the  steels,  associated  with  melting 
practice.  The  HYTUF  steel  was  air  melted  plus 
vacuum  arc  melted,  the  4340  electroslag  remelted 
(ESR),  and  the  other  steels  vacuum  induction  melted 
plus  vacuum  arc  remelted. 

2.  Immersion  and  Humidity  Corrosion 
The  variation  of  immersion  corrosion  rate  with  time 
of  exposure  in  an  aqueous  3.5%  NaCl  solution  is 
shown  for  the  AerMet  100  tmd  300M  steels  in  Fig.  8. 
The  corrosion  rates  are  expressed  by  the  reduction 
rates  of  specimen  size  and  weight.  The  immersion 
corrosion  rate  of  the  AerMet  100  steel  is  33  -  40% 
that  of  the  300M  steel.  This  indicates  that  the 
AerMet  100  steel  has  better  resistance  to  immersion 
corrosion  than  the  300M  steel.  The  immersion 
corrosion  rate  is  greatest  at  the  initial  stage  of 
corrosion  and  it  decreases  with  exposure  time  for 
both  steels. 

In  a  humidity  chamber  of  100%  relative  humidity  and 
120°F,  the  AerMet  100  steel  specimens  did  not  show 
any  measurable  corrosion  in  110  days.  On  the  other 
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hand,  the  300M  steel  specimens  showed  noticeable 
corrosion  with  size  reduction  rate  of  2.0413  mills  per 
year  (mpy)  and  weight  reduction  rate  of  0.0447 
milligrams  per  square  decimetre  per  day  (mdd). 

3.  Salt  Spray  Corrosion 

The  variations  of  corrosion  rate  with  exposure  time  in 
a  salt  spray  chamber  of  atomized  aqueous  5%  NaCl 
solution  are  shown  for  the  AerMet  100  and  300M 
steels  m  Fig.  9.  The  salt  spray  corrosion  rate  of  the 
AerMet  100  steel  is  13-20%  that  of  the  300M  steel. 

As  for  immersion  corrosion,  the  corrosion  rate  is 
greatest  at  the  beginning  of  the  exposure  and  it 
decreases  with  time. 


4.  Hydrogen  Embrittlement 

The  mechanical  properties  of  hydrogen-charged  and 
uncharged  AerMet  100  and  300M  steels  are 
presented  in  Table  5.  In  the  uncharged  steels,  the 
mechanical  properties  did  not  vary  significantly  with 
strain  rate.  The  starting  ultimate  tensile  strength  of 
the  300M  steel  was  high  and  the  ductility  was 
unusually  low.  The  AerMet  100  steel  exhibited 
excellent  strength  and  ductility.  The  24  hour 
electrochemical  charging  deteriorated  the  mechanical 
properties  of  both  steels.  The  ductility  and  strength 
of  the  300M  steel  dropped  off  rapidly  even  at  the 
highest  strain  rate.  At  the  lowest  strain  rate,  no 
ductility  remained,  and  the  yield  and  ultimate  tensile 
strengths  are  reported  as  the  fracture  strength.  The 
AerMet  100  steel  did  lose  a  great  amount  of  its 
starting  ductility  with  the  hydrogen-charge.  Its 
strength  did  not  significantly  decrease  with  deceasing 
strain  rate. 

The  fractographic  examination  revealed  an 
intergranular  fracture  initiation  site  for  the  hydrogen- 
charged  300M  steel.  On  the  other  hand,  the  AerMet 
100  steel  did  not  exhibit  any  intergranular  fracture. 
However,  its  fracture  surface  morphology  became 
more  brittle  in  appearance,  and  indicated  that  the 
specimen  was  not  completely  saturated  with 
hydrogen.  A  uniform  region,  approximately  1/3  of 
the  radius  deep,  was  observed  to  be  more  embrittled 
than  the  remainder  of  the  fracture  surface  at  the  two 
slower  stain  rates.  This  indicates  that  the  diffusivity 
of  hydrogen  in  AerMet  100  steel  is  smaller  than  in 
300M  steel. 

CONCLUSIONS 

1.  With  DCB  specimens  in  an  aqueous  3.5%  NaCl 
solution,  the  Kjgrc  values  of  the  AerMet  100  ai;d 
300M  steels  are  determined  to  be  33  and  19 
ksi*in"i/2,  respectively.  In  the  AerMet  100  steel,  the 
stress  corrosion  crack  grows  along  an  intergranular 
path  in  the  direction  of  forging  deformation. 

2.  With  SENCB  specimens  in  an  aqueous  3.5%  NaCl 
solution,  the  AF1410  steel  exhibits  the  highest  SCC 


resistance,  and  it  is  followed  by  AerMet  100,  0.20C 
AF1410,  HYTUF,  300M  and  4340  steels. 

3.  The  immersion  corrosion  and  salt  spray  corrosion 
rates  of  the  AerMet  100  steel  are  33-40%  and  13- 
20%  those  of  the  300M  steel,  respectively. 

4.  In  a  humidity  chamber,  the  AerMet  100  steel  is 
not  corrodible  within  the  employed  test  period  110 
days.  But  the  300M  steel  is  susceptible  to  corrosion, 
and  its  rate  is  2.0413  mpy  or  0.0447  mdd. 

5.  The  resistance  of  AerMet  100  steel  to  hydrogen 
embrittlement  is  superior  to  that  of  300M  steel. 
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Table  1.  Chemical  Compositions  of  Specimen 
Steels  (wt  %) 


Steel 

c 

Ni 

Co 

Cr 

Mo 

Mn 

AF1410 

0.15 

10.21 

14.18 

2.08 

0.98 

0.03 

0.01 

0.20C 

0.20 

10.17 

14.31 

2.04 

1.03 

<.01 

<.01 

AF1410 

AerMet 

0.24 

11.26 

13.4 

3.11 

1.15 

0.01 

<.01 

100 

HYTUF 

0.26 

1.76 

_ 

0.38 

0.38 

1.36 

1.49 

4340 

0.40 

1.8 

0.80 

0.25 

0.75 

0.25 

300M 

0.40 

1.8 

- 

0.85 

0.4 

0.7 

1.6 

Table  2.  Heat  T reatment  Conditions 

SteelAustenitize  Quench  Temper,  Age  Harctoess 
_ _ _  _ 


(For  DCB  Snecitnen  Test  and  Hydrogen  Embrittlement  Tests') 


AerMet  1001600F 

OO,-320F,lHr 

900F,5HrAC 

51-53 

300M 

1600F 

OQ  575F,4Hr 

Double  Temper 

(For  SENCB  Specimen  Test! 

51-53 

AF1410 

1530F 

OQ,-100F,lHr 

950F,5HrAC 

46-49 

0.20C 

AF1410 

1550F 

OQ.-100F,lHr 

900F,5HrAC 

52-53 

AerMet 

1600F 

OQ,-100F,lHr 

900F,5HrAC 

51-53 

100 

HYTUF 

1600F 

OQ 

550F,2Hr 

535F,2Hr 

45-46 

4340 

1500F 

OQ 

500F,2Hr 
Double  Temper 

50-53 

300M 

1600F 

OQ 

575F,4Hr 
Double  Temper 

51-53 

Table  5.  Mechanical  Properties  of  Hydrogen- 
Charged  and  Uncharged  AerMet  100  and  300M 
Steels 

Material  Condition  %Elong  %RA  YSOcsil  UTSCksil 
300M 


Uncharged 


uriunarutju 

All  Strain  Rates 

2.15 

2.95 

240 

320 

Hvdroaen-Charaed 
1x10’^  in/in/sec 

0.37 

0.39 

240 

250 

3x10’^  in/in/sec 

0.14 

0.00 

180 

213 

1x10*°  in/in/sec 

0.00 

0.00 

170* 

170* 

AerMet  100 

Uncharged 

All  Strain  Rates 

11.0 

64.5 

254 

280 

Hvdrqgen-Charged 
1x10'^  in/in/sec 

2.80 

7.55 

260 

280 

3x10'^  in/in/sec 

1.50 

6.81 

254 

265 

1x10"°  in/in/sec 

1.15 

3.17 

217 

223 

Yield  Strength  and  Ultimate  Tensile 
Strength  Equal  Fracture  Strength 


Table  3.  Chemical  Composition  of  Ghost  Bands 
(wt  %) 


Cr 

Ni 

Mo 

Co 

3.17 

Light  Band 

12.27  1.70 

13.90 

2.86 

Dark  Band 

11.44  1.37 

13.90 

(Light  -  Dark)  =  0.31 

0.83 

0.33 

0.00 

Table  4.  Threshold  Stress  Intensity  for  Stress 
Corrosion  Cracking,  KISCC,  Determined  by 
SENCB  Specimen  Test 


KiscQ  ^ 

1000  Hrs 


■,ksi*in*l/2<MPa*Ml/2) 
10000  Hrs 


Steel 

AF1410 
0.20C  AF1410 
AerMet  100 
HYTUF  LT 
HYTUF  TL 
300M 
4340 


55  (60) 
25(27) 

30  (33) 

25  (27) 

19  (21) 

15-18  (16-20) 

10  (11) 


40-45  (44-49) 
16-20  (18-22) 
15-22  (16-22) 
15-20  (16-22) 
<15(<16) 
11-14  (12-15) 
<  9(<10) 
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Figure  1.  Specimen 
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Figure  2.  Stress  Corrosion  Crack  Growth  during 
DCB  Specimen  Test 


0  10  20  30  40  50  60 


K,  (ksi^ln) 


Figure  3.  Variation  of  Stress  Corrosion  Crack  Growth  Rate 
da/dt  with  Stress  Intensity  K|  during 
DCB  Specimen  Test 


(b)  300M  Steel 


Figure  4.  Crack  at  Surface  of  Fatigue  Precracked  and  SCC  Tested  DCB  Specimen 
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Figure  7.  Combined  Results  of  SENCB  Specimen  Tests 
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Figure  8.  Immersion  Corrosion  Rates  of  AerMet  100  Steei  and  300  Steels 

(a)  Size  Reduction  Rate 

(b)  Weight  Reduction  Rate 

(mpy:  mils  per  year,  mdd:  miliigrams  per  square  decimetre  per  day) 
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Specific  Features  of  Corrosion  Behavior  of  Stainless  Maraging  Steels  for  Aerospace 

Application 

V.B.Spiridonov  and  V.V.Sharapov 
KOMPOZIT  Corp. 

4,  ulitsa  Pionerskaya 

141070  Kaliningrad,  Moscow  Region,  Russia 


SUMMARY 

Specific  features  of  the  embrittlement  of  stainless  Cr- 
Ni  maraging  steels  by  environmental  or  N2O4  media 
are  considered  by  the  example  of  steel 
03Khl  1N10M2TU-VD.  Results  of  corrosion  tests  and 
fractographic  and  microanalytical  investigations  are 
presented.  The  method  of  accelerated  testing  of  these 
steels  for  stress  corrosion  cracking  is  described. 

1.  INVESTIGATED  MATERIALS 
The  term  "maraging"  means  that  these  steels  gain  the 
final  strength  by  the  transformation  of  austenite  to 
martensite  followed  by  aging  of  the  martensite  matrix. 
Alloying  of  solid  solution  also  slightly  contributes  to 
the  strength. 


1500  MPa  along  with  high  plasticity  (ultimate 
elongation  of  1 1-15%),  ductility  (impact  toughness  at 
room  temperature  of  0.85  MJ/m^)  and  the  resistance 
to  crack  growth  (impact  toughness  of  a  precracked 
specimen  at  room  temperature  of  0.5  MJ / m^) . 

Practical  applicability  of  maragings  is  limited  to  a  great 
extent  by  their  susceptibility  to  the  environmental 
embrittlement.  A  simple  dependence  of  susceptibility 
to  the  environmental  embrittlement  on  aging 
temperature  is  shown  in  Fig.l.  This  dependence  is  not 
often  taking  into  account  by  producers,  although  is 
seen  that  equal  tensile  properties  obtained  by  under¬ 
and  overaging  do  not  guarantee  equal  serviceability  of 


Nowadays  a  number  of  compositions  are  used  in 
fabricating  maragings.  Particularly,  maragings  with 
useful  strength  up  to  2000  MPa  based  on  the 
composition  18Ni  -  9Co  -  5Mo  -  Ti  are  popular.  How¬ 
ever,  chromiumless  maragings  are  susceptible  to  the 
general  corrosion  that  set  limits  on  their  application  in 
the  aerospace  industry.  The  resistance  to  corrosion 
may  be  abruptly  increased  by  chromium  alloying. 
Steels  with  10-12%  of  chromium  and  8-10%  of  nickel 
have  a  sufficient  corrosion  resistance  both  in  industrial 
environment  and  in  aggressive  media.  Maragings 
based  on  the  composition  0.03C  -  1  ICr  -  lONi  -  2Mo  - 
Ti  are  widely  used  and  well  studied  in  Russia.  The 
chemical  composition  of  the  steel  03Khl  1N10M2TU- 
VD  (EP678U-VD)  is  presented  in  Table  1 . 

The  hardening  effect  in  this  steel  is  due  to  precipitation 
of  etha-  NiaTi  phase  with  hep  structure.  The  aging  of 
this  steel  at  540‘’C  for  3  hours  (overaging  heat- 
treatment)  allows  one  to  reach  strength  level  of  1400- 


Quenching  from  900  C,  40  min. 


Yield  stress,  MPa  Time  ot  me,  hr 


Yield  stress  Time  of  life 

Fig.l 

Dependences  of  yield  strength  and  lifetime  under 
accelerated  SCC  testing  on  aging  temperature. 


Table  1 


Chemical  Composition  (Main  Alloying  Elements)  of  Investigated  Steels 


Steel 

Concentrations  of  Main  Alloying  Elements,  Mass  % 

Class  of  Steel 

C 

Cr 

Ni 

Mo 

Ti 

Others 

03Kh11N10M2T 

03Kh11N8M2F 

<  0.03 

<0.03 

9.5-10.5 

11-12 

10.5-11.5 

8.3-8.6 

2.0-3.0 

2.3-2.8 

0.8-1. 2 

0.15-0.35  A1 

0.05-0.3  V 

Maraging 

Martensitic, 

weakly  aging 

Paper  presented  at  the  79th  Meeting  of  the  AGARD  Structures  and  Materials  Panel  on  “Corrosion  Detection  and 
Management  of  Advanced  Airframe  Materials"  held  in  Seville,  Spain,  5-6  October  1994. 
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these  steels  in  marine  medium,  hydrogen,  etc. 

The  main  reason  for  increasing  susceptibility  to  the 
environmental  embrittlement  for  underaging  and  peak 
hardening  treatments  is  the  appearance  of  large 
internal  stresses,  especially,  at  grain  boundaries  due 
to  martensite  transformation  and  formation  of 
precipitates.  According  to  indirect  data,  the  values  of 
these  stresses  may  almost  approach  the  yield  strength 
of  the  steel.  Chemical  compositions  of  grain 
boundaries  and  adjacent  volumes  seem  to  have  no 
significant  effect  on  the  resistance  to  the  embrittlement 
of  Cr-Ni  maragings.  It  is  known  that  many  processes 
of  the  intergranular  embrittlement  are  related  to  grain 
boundary  segregations.  We  did  not  reveal  grain 
boundary  segregations  of  any  impurities  or  alloying 
elements  in  steels  of  this  type.  The  absence  of  impurity 
segregations  is  caused  by  the  presence  of  molybdenum 
in  solid  solution  and  the  presence  of  titanium  which 
may  be  considered  as  a  strong  internal  getter  actively 
bounding  nitrogen,  sulfur,  oxygen,  and  phosphorus  in 
the  compounds. 

2.  CORRELATION  BETWEEN  STRESS 
CORROSION  CRACKING  (SCC),  HYDROGEN 
EMBRITTLEMENT  (HE),  AND  PITTING 
FORMATION  (PF) 

Modern  theoretical  and  experimental  possibilities  do 
not  allow  determination  of  all  features  of  the  HE 
mechanism  for  high-strength  steels.  We  can  only  flatly 
assert  that  mechanisms  assumed  for  carbon  low- 
alloyed  steels  attributed  to  the  formation  of  molecular 
hydrogen  on  collectors,  formation  of  methane  bubbles, 
etc.  are  invalid  for  high-strength  steels. 

In  our  opinion,  SCC  of  high-strength  steels  in  water- 
containing  media  is  the  particular  case  of  HE.  Only  the 
source  of  hydrogen  is  replaced.  Of  course,  it  is 
necessary  to  take  into  account  that  different  sources 
support,  respectively,  different  parameters  of 
hydrogen  charging.  These  are  the  form  of  introducing 
hydrogen  (H,  H2,  H"^),  paths  and  mechanisms  of 
hydrogen  permeation,  etc.  In  final  score,  these 
distinctions  affect  the  fracture  processes  that  is 
corroborated  by  fractographical  data.  For  example,  we 
observed  that  in  many  cases  of  electrochemical 
hydrogen  charging  cracks  propagated  along  the 
boundaries  of  martensite  colonies  but  in  gaseous 
hydrogen-containing  media  at  the  same  structural 
state  of  the  steel  cracks  propagated  along  the  primary 
austenite  boundaries. 

According  to  the  hypothesis  proposed ,  at  the  first  stage 
of  SCC  of  high-strength  steels  the  hydrogen  is 
generated  in  pits  during  PF.  In  addition ,  these  pits  and 
microcracks  initiated  near  pits  double  as  mechanical 
notches.  Higher  hydrogen  content  near  pits  together 
with  stress  concentration  hear  sharp  notches  activate 
the  crack  propagation  according  to  the  HE  mechanism. 
Using  these  approaches,  we  developed  an  accelerated 


method  for  testing  maragings  for  SCC  resistance  [1  ]. 
According  to  this  method,  the  steel  plate  measuring  the 
size  of  1 10  mm  x  22  mm  is  loaded  by  bending  and,  at 
the  first  stage,  undergone  anode  polarization  in  3% 
NaCl  water  solution  for  about  30  min.  with  current 
density  of  10  mA/cm^  to  activate  PF.  At  the  second 
stage,  cathode  polarization  with  the  same  current 
density  is  used  to  activate  the  HE  effects.  The  second 
stage  lasted  during  a  given  base  time  or  ended  with  the 
failure  of  the  specimen. 

The  good  correlation  between  the  results  of 
accelerated  and  long-term  testings  not  only  shorten 
the  durations  of  corrosion  tests  to  1  -2  days  (specimens 
with  this  lifetime  are  considered  as  unsusceptible  to 
SCC)  but  proved  the  validity  of  theoretical  approaches 
used  in  consideration.  This  method  is  successfully 
used  by  a  number  of  rocketspace  institutes  and  plants 
in  Russia. 

At  the  same  lime,  it  should  be  noted  that  the  efforts  to 
use  this  method  for  high-strength  austenitic- 
martensitic  steel  0.07C  -  16Cr  -  6Ni  have  failed.  The 
reasons  for  this  difference  in  the  corrosion  behavior 
may  consist  both  in  the  different  distinctive  features  of 
SCC  mechanisms  of  steels  of  even  closed  strength 
levels  and  in  pure  quantitative  distinctions,  for 
example,  in  the  rate  of  the  transport  of  hydrogen 
necessary  for  the  crack  growth. 

The  importance  of  the  PF  stage  estimated  in  the  course 
of  the  development  of  the  accelerated  method  forced  us 
to  investigate  this  phenomenon  thoroughly. 

According  to  Manning  [2  ]  and  some  other  authors,  the 
main  sites  of  PF  in  the  steels  containing  manganese 
sulfides  are  interfaces  MnS/matrix  and,  according  to 
[3],  "PF  in  stainless  steels  is  possible  only  near  non- 
metal  inclusions". 

Chromium-nickel  maragings  of  high  purity  have  no 
MnS  inclusions.  The  main  nonmetal  inclusions  are 
titanium  carbides,  nitrides  and  carbonitrides,  and 
titanium  sulfides  and  oxysulfides. 

The  following  method  was  used  to  estimate  the  sites  of 
preferential  PF  in  the  steel  03Khl  1N10M2TU-VD  in 
SCC  conditions.  Plates  of  the  size  of  1 10  mm  x  22  mm 
with  mechanically  polished  tested  (tensile)  surface 
were  loaded  by  bending  and  during  few  minutes 
undergone  anode  polarization  in  3%  NaCl  water 
solution.  Then  the  specimens  were  extracted  from  the 
solution,  rinsed  by  water  and  ethanol,  and  their  tested 
surface  was  observed  by  light  and  scanning  electron 
microscopes.  This  cycle  was  repeated  several  times  for 
each  specimen. 

The  data  below  were  obtained  regardless  the 
concentration  of  nonmetal  inclusions  in  the  metal 
charges: 
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Fig. 2 

Scanning  eiectron  micrographs  of  the  specimen  surface  after  anode  polarization  with  mechanical 
loading.  x150. 

A  -  after  30  min  of  testing: 

B  -  after  65  min  of  testing,  new  pits  are  shown  by  arrows. 


-  as  a  rule,  nonmetal  inclusions  are  not  the  sites  of  PF; 

-  in  most  cases  pits  initiate  at  fresh  scratches  and  at 
specimen  edges; 

-  "old"  pits  do  not  increase  during  subsequent  cycles  of 
testing,  only  new  pits  appear  that  is  clearly  seen  in 
Fig.2. 

These  results  are  in  good  agreement  with  known  data 
for  aluminum  alloys.  To  a  certain  extent,  they  can 
explain  the  effects  of  so  called  probabilistic  nature  of 
PF  [4]  and  the  great  scatter  of  lifetimes  at  SCC 
observed  in  practice  because  the  key  item  of  PF  and 
subsequent  failure  is  the  occasional  appearance  of  the 
nonpassivated  mechanical  defect  or  the  deterioration 
of  protective  oxide  film. 

3.  EMBRITTLEMENT  OF  STAINLESS  STEELS  BY 
NITROGEN  TETROXIDE  (NTO)  AT  MODERATE 
TEMPERATURES  AND  PRESSURES 
It  is  considered  that  stainless  steels  are  not  susceptible 
to  some  types  of  local  corrosion  in  MTO  at  moderate 
(20-70°C)  temperatures  and  pressures  [5].  However, 
we  established  that  under  these  conditions  steels  may 
be  damaged  by  a  specific  type  of  corrosion  for  which 
we  proposed  a  name  "intergranular  oxidizing 
embrittlement  (lOE)".  This  type  of  corrosion  results 
both  in  the  crack  formation  and  embrittlement  of  the 
subsurface  layer  (about  several  hundreds  micrometers 


thick).  The  maraging  03KhllN10M2T  and 
martensitic  steel  with  weak  effect  of  aging 
03KhllN8M2F  (see  Table  1)  are  especially 
susceptible  to  this  type  of  corrosion. 

Investigations  of  a  number  of  specimens  of  these  steels 
and  their  weld  joints  showed  that  cracks  initiated 
during  the  contact  with  NTO  in  the  sites  of  maximum 
stresses,  including  stresses  introduced  by  active 
loading,  residual  welding  stresses,  internal  stresses 
due  to  structural  transformations  in  the  main  metal, 
etc.  The  "lashes-like"  cracks  are  the  most  typical 
example  of  the  cracks  initiated  by  welding  stresses 
(Fig.3). 

Loading  by  bending  or  impact  bending  in  air  or  vacuum 
of  the  specimens  contacted  for  a  long  time  with  NTO 
results  in  the  formation  of  the  subsurface  cracks.  The 
cracks  appear  in  the  site  of  application  of  the  bending 
load  (Fig.3).  The  intensity  of  crack  formation  and 
depths  of  the  cracks  correlates  with  susceptibility  of  the 
specimen  to  cracking  in  NTO.  The  maximum  depth  of 
such  cracks  was  0.9  mm.  We  named  the  cracks  formed 
in  NTO  as  the  cracks  of  Type  1  and  those  formed  in  air 
or  vacuum  as  the  cracks  of  Type  2. 

The  complex  microanalytical  investigation  of  tested  in 
NTO  specimen  was  carried  out  by  means  of  scanning 
electron  microscopy.  X-ray  microanalysis.  Auger- 
electron  microscopy,  X-ray  photoelectron 
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Surface  of  the  thermally-affected  zone  of  EP678 
weld  joint  after  contact  with  NTO  during  450  days 
and  following  impact  bending  in  air.  Scanning 
electron  microscopy.  x14. 

A  -  area  of  cracks  of  Type  2,  directions  of  tensile 
stresses  under  the  impact  are  shown  by  white 
arrows; 

B  -  opened  "lashes-like"  cracks  of  Type  1 . 

spectroscopy,  and  secondary  ion  mass-spectroscopy  to 
determine  the  reasons  for  the  steel  embrittlement  in 
NTO. 

A  schematic  representation  of  the  lOE  mechanism 
suggested  is  shown  in  Fig. 4.  It  is  based  on  the 
combined  effect  of  chemical  reactions  of  formation  of 
unstable  oxynitrate  compounds  of  iron  in  the  top  of  the 
crack  (submicrocrack)  growing  along  a  grain  boundary 
and  formation  of  the  protective  film  of  chromium 
oxides  on  the  walls  of  the  crack  (submicrocrack). 


Fe(ll.lll)xOy+ 

-i-Cr{;ll)xOy  N03ads 


Fig.4  Schematic  representation  of  iOE 
mechanism. 

Regarding  the  level  of  total  effective  stresses  on  the 
grain  boundary  the  IOE  can  result  in  the 
embrittlement  of  grain  boundaries  in  the  subsurface 
layer  of  metal  or,  at  a  high  level  of  stresses,  in  the 


embrittlement  of  grain  boundaries  accompanied  with 
the  crack  formation. 

We  estimated  that  the  surface  multilayer  oxide  film 
with  limited  protective  properties  and  probably 
permeable  to  NTO  or  its  components  is  forming  during 
the  interaction  of  Cr-Ni  steels  with  NTO  until  the 
formation  of  the  1 5-30-nm  sublayer  of  chromium  oxide 
adjacent  to  the  metal.  The  inhibition  of  NTO  by 
nitrogen  monoxide  affects  the  adsorption  stage  of  the 
interaction  and  causes  relatively  fast  formation  of  the 
5  nm  protective  film. 

The  susceptibility  of  steels  to  the  formation  of  the 
cracks  of  Type  2  may  be  used  to  develop  the  methods 
of  accelerated  testing  of  steels  for  IOE  susceptibility. 

4.  CONCLUSIONS 

1)  The  main  features  of  behavior  of  stainless  Cr-Ni 
maragings  in  water-containing  media  are  in 
satisfactory  agreement  with  the  model  assuming  that 
see  is  the  particular  case  of  HE  when  the  pitting 
formation  in  sites  of  protective  oxide  film 
deteriorations  is  the  source  of  hydrogen  charging. 

2)  This  model  allowed  us  to  develop  the  method  of 
accelerated  testing  of  high-strength  steels  to  SCC 
susceptibility  using  the  alternating  electrochemical 
polarization. 

3)  Stainless  Cr-Ni  steels  contacting  with  NTO  at 
moderate  temperatures  and  pressures  may  be 
damaged  by  a  specific  type  of  corrosion  that  was  named 
"intergranular  oxidizing  embrittlement  (IOE)". 
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SUMMARY 

The  use  of  graphite  fiber  polymer  matrix  composites 
(GFPMC)  in  multi-material  assemblies  which  must 
maintain  mechanical  integrity  in  aqueous  environ¬ 
ments  has  focused  attention  on  the  galvanic  degrada¬ 
tion  of  these  materials.  Of  recent  concern  to  the 
aerospace  industry  is  the  galvanic  degradation  of 
bismaleimide  (BMI)-graphite  fiber  (GF)  composites 
when  galvanically  coupled  to  an  active  metal  (e.g. 
aluminum)-  A  detailed  imderstanding  of  the  damage 
process,  both  in  terms  of  mechanism  and  extent,  has 
not  been  possible  because  of  the  lack  of  a  sensitive 
method  to  detect,  quantify,  and  characterize  damage 
in  this  material  system.  This  study  has  used  electro¬ 
chemical  impedance  spectroscopy  (EIS)  to  monitor 
material  interfacial  changes  in  an  8-ply,  0°,  unidirec¬ 
tional  BMI-GF  composite  subjected  to  cathodic  and 
anodic  polarization  in  NaCl  solutions,  exposure  to 
caustic  solutions,  and  galvanic  coupling  to  a  series  of 
metals  (Al,  Fe,  Cu,  Ti)  m  NaCl  solutions.  Cathodic 
polarization  was  found  to  produce  porous  electrode 
behavior  which  was  attributed  to  breakdown  of  the 
fiber/matrix  interface  and  subsequent  moisture 
ingress.  This  is  in  contrast  to  caustic  exposure  which 
did  not  show  a  porous  electrode  response,  presumably 
due  to  general  BMI  solvation.  These  electrochemical 
results  in  combination  with  mechanical  shear  tests 
performed  in  an  array  of  chemical  and  electrochemi¬ 
cal  conditions  indicate  that  long-lived  reaction  inter¬ 
mediates,  e.g.  peroxide  and  superoxide  radicals, 
generated  during  the  oxygen  reduction  reaction  on 
graphite,  not  hydroxyl  ions,  are  the  key  damaging 
species.  This  will  have  important  implications  to  the 
development  of  more  damage  resistant  polymer 
chemistries.  The  sensiti\ity  of  EIS  has  also  indicated 
that  couples  to  titanium,  proposed  to  be  a  benign 
couple,  caused  changes  in  the  impedance  spectra 
similar  to  those  for  low  cathodic  overpotentials.  The 
long  term  implications  of  these  latter  changes  on 
composite  durability  are  not  known  at  this  time,  but 
warrant  further  evaluation. 


I.  INTRODUCTION 

The  high  specific  strength,  specific  modulus,  and 
toughness  of  graphite  fiber-polymer  matrix  composites 
(GFPMC)  have  made  this  material  an  important,  if 
not  optimum,  candidate  for  certain  structural  applica¬ 


tions  in  the  aerospace,  marine,  and  automotive 
industries.  The  analysis  of  composite  durability  has 
traditionally  focused  on  structural  stability  following 
exposure  to  impact  damage,  cyclic  stress,  heat,  or 
moisture.  However,  the  expanding  applications  to 
aqueous  environments  combined  with  sophisticated 
multi-material  construction  methods  have  made  it 
evident  that  the  long  term  mechanical  integrity  of 
PMC’s  will  ultimately  depend  on  their  stability  to  a 
host  of  environmental  factors  which  may  include: 
wet/dry  cycling,  caustic  exposure  (as  encountered  in 
aircraft  cleaning  solutions),  and  galvanic  polariza¬ 
tion*'^.  A  recent  and  significant  example  of  the  latter 
condition  is  the  electrochemical  degradation  of 
poljimide /graphite  fiber  composites  when  galvanically 
coupled  to  an  active  metal'*'^. 

Bismaleimide,  a  polyimide-based  polymer  with  a  high 
glass  transition  temperature  of  200°  to  400°  F*"**,  is  an 
attractive  matrix  material  for  high  temperature  aero¬ 
space  applications  due  to  the  reduced  amount  of 
volatile  compounds  and  hence  void  production  in  the 
final  curing  stage*®’**.  It  has  been  observed  that  when 
a  bismaleimide  (BMI) /graphite  fiber  composite  is 
coupled  to  an  active  metal  such  as  aluminum,  and 
immersed  into  an  electrolyte,  there  is  damage  not  only 
to  the  aluminum  anode,  but  to  the  cathodically 
polarized  graphite-filled  composite  as  well"*"*.  Because 
of  the  known  susceptibility  of  imide  linkages  to 
hydroxyl  attack**"*^,  one  explanation  for  galvanic 
degradation  of  BMI /graphite  composites  has  been  the 
alkaline  hydrolysis  of  the  imide  backbone  by  OH'  ions 
generated  by  oxygen  reduction  on  the  cathodically 
polarized  graphite  fibers*.  This  mechanism,  however, 
has  not  been  thoroughly  investigated  and  the  control¬ 
ling  variables  have  not  been  well  defined. 

To  date,  the  effects  of  polarization  on  the  degradation 
of  PMC’s  has  been  examined  by  coupling  it  to  various 
metals  having  different  positions  in  the  Galvanic 
series.  Although  this  methodology  has  practical 
advantages,  it  provides  little  mechanistic  information 
and  does  not  uniquely  address  the  importance  of 
polarization  on  the  degradation  process.  The  use  of 
galvanic  couples  creates  questions  concerning  the 
effect  of  adsorbed  metal  ions  (released  from  oxidation 
of  the  anode)  on  the  reaction  kinetics  on  the  graphite 
fiber  surface,  as  well  as  the  repeatability  of  the 
potential  established  by  the  couple.  The  crevice 
geometry  formed  in  the  composite/metal  contact  area 
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plays  an  important  role  in  the  crevice  chemistry  which 
develops  between  the  composite  and  metal,  so  that 
subtle  changes  in  couple  assembly  may  effect  the 
resulting  potential. 

An  additional  concern  in  characterizing  the  effects  of 
polarization  on  the  degradation  of  BMI-GF  compos¬ 
ites  is  the  separation  of  the  effects  of  overpotential 
and  time.  If  a  thermodynamic  barrier  exists  such  that 
below  a  certain  overpotential,  damage  does  not  occur, 
then  there  may  be  "safe"  metals  which  would  cause 
minimal  polarization  and  hence  no  damage  when 
coupled  to  BMI-GF.  Titanium  has  been  proposed  as 
such  a  material.  On  the  otherhand,  if  all  potentials 
are  deleterious,  the  extent  of  polarization  may  only 
effect  the  rate,  so  that  with  sufficient  time,  any 
amount  of  polarization  will  lead  to  composite  failure. 
Therefore,  it  is  important  to  characterize  the  effects  of 
overpotential  and  time. 

Compounding  the  questions  regarding  degradation 
mechanism  is  the  need  for  a  quantitative  method  to 
sensitively  measure  material  changes  in  a  nondestruc¬ 
tive  manner.  Current  methods  for  measuring  environ¬ 
mental  damage  in  BMI-GF  composites  involve  visual 
inspection,  tensile  testing,  and  scribing  methods. 
These  methods  are  limited  to  either  subjective  inter¬ 
pretation,  low  sensitivity,  sample  destruction,  or  large 
data  scatter^  each  of  which  can  mask  the  delineation 
of  subtle  changes.  The  sensitivity  of  these  methods  is 
sometimes  augmented  by  accelerated  tests,  however, 
results  from  accelerated  tests  are  often  criticized  if  it 
is  unclear  whether  the  damage  mechanism  remains 
unaltered^**.  Thus,  in  addition  to  understanding  the 
chemical  emd  electrochemical  damage  processes  in 
polymer  matrix  composites,  there  is  a  need  for  a 
sensitive  and  quantitative  method  to  nondestructively 
detect  the  material  changes  caused  by  these  condi¬ 
tions. 

Electrochemical  impedance  spectroscopy  (EIS)  has 
recently  been  used  to  sensitively  and  nondestructively 
detect  fatigue  damage  and  moisture  absorption  in 
epoxy-graphite  fiber  composites'’.  Since  the  degrada¬ 
tion  phenomenon  associated  with  galvanic  couples  of 
BMI-GF  composites  is  electrochemical  in  nature,  it 
has  been  logical  to  apply  EIS  in  the  analysis  of  this 
material  degradation  process.  EIS  has  the  added 
advantage  of  acquiring  data  in  situ  and  continuously 
without  cell  disassembly  and  sample  destruction. 

The  objective  of  this  research  is  to  examine  the 
efficacy  of  EIS  to  monitor  interfacial  changes  in  BMI- 
GF  composites  exposed  to  chemical  (caustic)  and 
electrochemical  environments.  A  primary  interest  is 
to  compare  the  effects  of  overpotential,  specifically 
cathodic  polarization,  to  the  damage  characteristics  of 
alkaline  solutions,  two  environments  in  which  hydroxyl 
ions  are  present.  For  purposes  of  comparison,  the 
effects  of  anodic  polarization  will  also  be  examined. 
Finally,  the  effect  of  galvanic  coupling  to  various 


metals  (i.e.  aluminum,  steel,  copper,  and  titanium)  will 
be  investigated. 

II.  EXPERIMENTAL  METHODS 
Materials 

A  continuous,  0“,  8-ply  composite  of  bismaleimide 
5250-4  resm  and  IM7  carbon  fibers  was  used  through¬ 
out  this  study.  Test  samples  consisted  of  2  cm  square 
coupons  which  were  wet  polished  using  240  grit  SiC 
paper  to  remove  the  gelcoat.  All  electrochemical 
testing  was  performed  on  the  broad  face  of  the 
composite  sheet  and  not  on  the  coupon  edges. 
Electrical  contact  was  made  with  a  copper  sheet  which 
was  pressed  against  the  back  of  the  sample.  Fiber 
loading  was  approximately  60  vol.%  which  provided 
electrical  conduction  to  the  sample  surface  exposed  to 
solution. 

Electrochemical  Impedance  Spectroscopy 
EIS  testing  was  performed  in  a  300  cm^  cell  which 
exposed  1  cm’  geometric  area  of  composite  via  a 
knife-edge  teflon  gasket.  A  platinum  coated  niobium 
counter  electrode  and  saturated  calomel  reference 
electrode  were  used.  Impedance  measurements  were 
made  in  a  three  electrode  configuration  under  potenti- 
ostatic  control  using  a  Schlumberger  1255  Frequency 
Response  Analyzer  and  PAR  273  potentiostat  under 
computer  control.  Data  were  collected  from  65  kHz 
to  0.1  Hz  usmg  a  10  mV  rms  sme  wave  superimposed 
on  a  0  VscE  DC  potential.  This  DC  potential  was 
determined  to  be  a  typical  open  circuit  value  for  these 
composites.  Impedance  scans  were  collected  at 
various  times  of  exposure  in  the  environments  de¬ 
scribed  below. 

Potentiostatic  Polarization 

The  effect  of  polarization  on  composite  behavior  was 
examined  by  holding  samples  at  a  constant  DC 
potential.  Both  anodic  and  cathodic  overpotentials  of 
large  (e.g.  1.5  V)  and  small  (e.g.  20  mV)  values  were 
examined.  The  noble  character  of  graphite  makes 
anodic  polarization  from  a  galvanic  couple  improbable 
in  engineering  applications,  however,  it  is  conceivable 
that  this  condition  could  be  produced  by  a  stray 
current.  This  mode  of  polarization  was  examined  to 
add  to  the  general  understanding  of  electrochemical 
degradation.  The  majority  of  polarizations  were  24 
hours  in  length  with  impedance  scans  collected  at 
various  time  intervals.  Samples  were  held  at  the 
potential  of  interest  before  and  after  EIS  testing,  but 
held  at  0  ^SCE  (open  circuit  potential)  during  the  time 
of  the  impedance  test.  All  experiments  were  per¬ 
formed  in  aerated  0.6M  NaCl  made  with  ACS  grade 
sodium  chloride  and  18  Mohm  distilled  water. 

Caustic  Exposure 

In  order  to  compare  the  effects  of  cathodic  polariza¬ 
tion  to  chemical  attack  by  OH',  composite  samples 
were  exposed  to  O.IM,  l.OM,  and  2.0M  NaOH  solu- 
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tions.  Samples  were  removed  periodically,  rinsed  in 
distilled  water,  and  subjected  to  impedance  testmg  as 
described  previously  in  0.6M  NaCl. 

Galvanic  Couples 

EIS  was  used  to  monitor  the  effect  of  galvanic  cou¬ 
pling  to  the  composite  samples  using  a  series  of  alloys 
from  various  positions  in  the  galvanic  series:  1100 
aluminum,  1010  steel,  copper,  and  titanium  (listed  in 
order  of  decreasing  activity).  Eight-ply  composite 
samples  measuring  4  cm  by  0.7  cm  (2.8  cm^  were 
electrically  coupled  to  20  cm^  metal  coupons  using 
alligator  clips  and  external  wiring.  The  composite  and 
metal  coupons  were  immersed  in  aerated  0.6M  NaCl 
leaving  the  electrical  connections  out  of  solution. 
Composite  samples  were  disconnected  from  the  metal 
samples  during  EIS  testing. 

III.  RESULTS  AND  DISCUSSION 

Potentiodynamic  Polarization 

The  anodic  and  cathodic  polarization  behavior  of 
BMI-GF  composite  in  aerated  0.6M  NaCl  is  shown  in 
Figure  1.  A  polarization  scan  was  started  at  an  initial 
open  circuit  potential  of  250  mVscE)  scaimed  cathodi- 
cally,  reversed  at  -1.7  and  then  scanned  in  the 
anodic  direction.  A  second  open  circuit  potential  is 
seen  at  about  -100  mVscE-  These  two  values  are 
consistent  with  the  range  of  open  circuit  potentials 
measured  (ca.  -100  to  +300  mVscE)  on  these  mate- 
rials^^'".  The  precise  cause  of  this  shift  in  the  open 
circuit  value  is  unknown,  but  may  be  attributable  to 
potential  induced  alterations  in  the  prismatic  edge 
functional  groups  on  the  graphite  which  in  turn 
control  the  subsequent  electrochemistry  on  the  sur¬ 
face'*"^.  Graphite  also  has  a  certain  degree  of  polar¬ 
izability  within  this  potential  range  in  neutral  aqueous 
environments^  which  would  also  account  for  the 
observed  range  of  open  circuit  potentials. 

During  cathodic  polarization,  the  oxygen  reduction 
reaction  becomes  mass  transport  limited  between  -0.5 
and  -15  VscB-  Below  -1.5  Vscb,  the  hydrogen  evolu¬ 
tion  reaction  becomes  the  dominant  cathodic  process. 
Hydrogen  evolution  could  potentially  introduce  an 
additional  damage  process  over  and  above  that  caused 
by  oxygen  reduction  (e.g.  damage  caused  by  bubble 
evolution).  Although  a  cathodic  overpotential  greater 
than  -15  V  is  beyond  the  range  expected  for  any 
galvanic  couple,  potentials  greater  than  this  value  were 
investigated. 

The  current  resulting  from  anodic  polarization  of 
graphite  in  NaCl  solution  at  potentials  less  than  0.9 
could  result  from  oxidation  of  functional  groups, 
oxygen  adsorption  and  carbon  oxidation^^.  The 
increased  current  at  potentials  above  0.9  Vsch  Is 
attributed  to  oxygen  evolution,  and  above  approxi¬ 
mately  1.1  VscB)  chlorine  evolution  can  occur.  The 
consequences  of  these  levels  of  polarization  on  materi¬ 


al  damage  will  be  discussed  subsequently. 

Effects  of  Cathodic  Polarization 
Figure  2  shows  the  Nyquist  and  Bode  plots  for  a 
composite  sample  polarized  to  -1.4  for  0,  6,  and 
16  h.  The  general  response  is  that  of  a  constant  phase 
element  in  parallel  with  a  resistor.  This  resistance  is 
initially  very  large  as  evidenced  by  the  nearly  constant 
phase  angle  and  large  low-frequency  real  axis  inter¬ 
cept,  but  decreases  with  time.  Several  basic  changes 
in  the  impedance  data  occur  with  time  under  these 
polarization  conditions:  (1)  the  impedance  at  a  specific 
frequency  decreases,  (2)  the  slope  of  the  Bode  magni¬ 
tude  plot  decreases,  and  (3)  the  peak  in  the  phase 
angle  plot  decreases.  The  most  plausible  explanation 
for  the  general  decrease  in  impedance  is  that  the 
electrochemically  active  surface  area  is  increasing. 
This  idea  is  supported  by  a  linear  mcrease  in  the 
double  layer  capacitance  as  a  function  of  time.  This 
increased  electrode  area  could  result  from  either 
roughening  of  the  exposed  fiber  surfaces  or  from 
breakdown  of  the  fiber/matrix  interface.  No  surface 
roughening  of  the  fibers  was  observed  in  the  scanning 
electron  microscope,  however  a  small  gap  (ca.  0.1  pm) 
could  be  seen  between  the  fiber  and  matrix.  Addi¬ 
tional  electrochemical  evidence  for  breakdown  of  the 
fiber/matrix  mterface  is  the  decreasing  slope  of  the 
magnitude  plot  and  decreasing  phase  angle  peak 
which  cue  indicative  of  the  "squaring  effect"  observed 
in  porous  electrodes^'®.  One  could  argue  that  these 
impedance  changes  might  result  from  heterogeneous 
modifications  in  the  functional  chemistry  of  the 
graphite.  However,  it  neither  clear  how  surface 
chemistry  alone  could  lead  to  such  a  dramatic  distrib¬ 
uted  response,  nor  is  it  clear  that  chemical  heteroge¬ 
neities  would  evolve  over  such  an  extended  period  of 
time.  It  is  more  logical  that  extended  polarization 
would  lead  to  uniformity  in  surface  chemistry. 

Further  support  for  the  idea  that  the  porous  electrode 
response  is  due  to  fiber /matrix  interfacial  breakdown, 
comes  from  an  analysis  of  the  impedance  phase  angle 
data  to  determine  moisture  penetration  distance  and 
rate.  Although  changes  in  the  double  layer  capaci¬ 
tance  could  be  used  to  calculate  moisture  penetration 
of  the  fiber/matrix  interface,  this  approach  requires 
precise  knowledge  of  the  initial  number  and  area  of 
exposed  fibers  -  information  which  is  not  easily 
attainable.  A  more  convenient  approach  is  to  use  the 
phase  angle  data,  since  the  phase  angle  will  be  insensi¬ 
tive  to  the  number  or  area  of  fibers  exposed,  i.e.  the 
phase  angle  is  an  intrinsic  parameter  and  will  be  the 
same  for  a  single  fiber  or  many  millions  of  fibers. 
The  phase  angle  of  the  impedance  vector  can  also  be 
a  more  sensitive  indicator  of  interfacial  changes.  If  we 
assume  a  right  cylindrical  fiber  surrounded  by  an 
insulating  matrix,  moisture  penetration  of  the  interface 
can  be  envisioned  as  creating  an  aimular  groove 
around  the  fiber  (Figure  3).  A  model  which  explores 
a  fiber  intersecting  the  sample  surface  at  a  glancing 
angle  will  be  examined  in  later  work.  If  it  is  assumed 
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that  interfacial  breakdown  causes  the  groove  to  grow 
deeper  with  time,  and  that  the  groove  opening  re¬ 
mains  constant,  the  phase  angle  can  be  used  to 
calculate  the  geometric  angle^  subtended  by  the  fiber 
surface  and  the  disbonded  matrix.  This  geometric 
angle  can  then  be  used  to  calculate  a  penetration 
depth  at  different  times  of  exposure,  which  can  in  turn 
be  used  to  calculate  a  penetration  distance.  The 
details  of  this  procedure  have  been  described  else¬ 
where^. 

The  phase  angle  data  was  used  to  calculate  the 
moisture  penetration  rate  for  a  BMI-GF  composite 
polarized  to  -1.2  for  24  hours  in  aerated  0.6M 
NaCl  and  is  shown  in  Figure  4.  There  appears  to  be 
an  increase  in  the  rate  of  moisture  penetration  after 
20  hours,  however  it  is  unclear  whether  this  change  is 
real  or  an  artefact  introduced  by  certain  assumptions 
m  the  calculation  parameters^.  For  example  it  has 
been  assumed  that  the  groove  opening  did  not  change 
with  time,  when  in  reahty  it  probably  does.  This  could 
lead  to  errors  at  early  times  when  small  changes  in 
groove  opening  distance  might  have  a  larger  impact 
on  the  depth  calculation  of  shallow  grooves.  Note, 
however,  that  the  penetration  rate  for  samples  ex¬ 
posed  to  -1.4  V  follows  the  same  trend  as  the  -1.2 
Vjcg  samples  in  the  first  20  hours.  Unfortunately, 
longer  term  data  was  not  taken  for  this  (-1.4 
sample.  If  the  penetration  rate  between  0  and  20 
hours  and  between  20  and  70  hours  is  extrapolated  to 
1  year,  penetration  distances  between  1.8  cm /year  and 
9  cm/year  respectively  are  found.  This  compares 
relatively  well  to  moisture  penetration  distances  of  0.8 
cm/year  observed  in  epoxy  matrix/graphite  fiber 
composites  which  were  galvanically  coupled  to  magne¬ 
sium  and  exposed  to  seawater*.  The  fact  that  the 
measured  penetration  depth  for  the  epoxy  composite 
is  less  than  that  for  the  BMI-GF  is  plausible  for 
several  reasons.  First,  the  potential  established  by  a 
galvanic  couple  to  magnesium  will  be  approximately 
-0.9  to  -1.0  VscE,  a  condition  which  is  slightly  less 
damaging  than  the  condition  tested  here.  It  is  also 
possible  that  the  salts  which  can  precipitate  from 
seawater  at  high  pH  act  as  diffusion  barriers  and 
decrease  the  damage  process.  Finally,  it  is  known  that 
the  bond  between  epoxy  and  graphite  is  significantly 
better  than  between  graphite  and  BMF*.  The  fact 
that  calculated  moisture  penetration  rates  are  approxi¬ 
mately  equal  to  measured  values  is  further  evidence 
that  cathodic  polarization  causes  breakdown  of  the 
fiber/matrix  interface  and  that  the  interpretation  of 
the  "squaring  effect"  in  the  phase  angle  data  is  correct. 
Note  in  Figure  5  that  the  penetration  rates  calculated 
for  samples  polarized  to  -1.73  Vsce  and  -1.4  Vsce  are 
positioned  as  one  would  expect  from  the  cathodic 
polarization  behavior  (Figure  1).  The  potentials  of 
-1.2  and  -1.4  Vsce  both  lie  in  the  diffusion  limited 
region  for  oxygen  reduction  and  would  be  expected  to 
produce  similar  levels  of  dmnage,  whereas  the  damage 
produced  by  -1.73  a  potential  which  is  in  the 
hydrogen  evolution  region,  is  severe  and  occurs 


rapidly.  Future  experiments  will  attempt  to  directly 
measure  moisture  penetration  depths  in  the  BMI-GF 
system. 

To  further  confirm  that  the  polarization  induced 
changes  in  the  impedance  spectra  were  indicative  of 
changes  at  the  material  interface,  a  series  of  experi¬ 
ments  were  performed  in  which  the  apphed  potential 
was  interrupted  and  then  re-established.  Figure  5 
shows  the  phase  angle  as  a  function  of  log  frequency 
for  a  composite  sample  which  was  polarized  to  -1.7 
Vsce  for  5  hours.  The  peak  phase  angle  is  reduced 
from  -80  degrees  to  ca.  -45  degrees  in  an  EIS  mea¬ 
surement  made  immediately  following  the  5  hour 
polarization.  After  the  sample  remained  in  solution 
for  7  hours  at  open  circuit,  EIS  was  repeated.  As  can 
be  seen  in  Figure  5,  the  interfacial  changes  brought 
about  by  the  initial  cathodic  polarization  remained 
essentially  unchanged  when  the  sample  was  allowed  to 
sit  at  open  circuit.  When  the  cathodic  potential  was 
reapplied,  the  phase  angle  decreased  further  to  ca.  -35 
degrees  in  the  mid-frequency  range  (ca.  20  Hz).  This 
phase  angle  response  was  essentially  retained  follow¬ 
ing  21  hours  of  exposme  at  open  circuit.  The  phase 
angle  at  low  frequency  (<  1  Hz)  increased  slightly  as 
the  sample  sat  at  open  circuit  following  polarization. 
Although  a  precise  interpretation  of  this  behavior  is 
unclear,  other  experiments  suggest  that  this  may  be 
related  to  the  depletion  of  a  reactive  intermediate 
generated  during  the  oxygen  reduction  reaction. 

Figure  6  shows  the  Bode  phase  angle  plot  for  a  BMI- 
GF  composite  immersed  in  aerated  0.6M  NaCl  at 
open  circuit  for  four  days.  Note  that  the  response 
remains  capacitive  and  that  there  is  essentially  no 
evidence  of  fiber /matrbe  interfacial  breakdown  in  this 
time  period.  Thus,  interfacial  breakdown  is  directly 
facilitated  by  cathodic  polarization,  however  it  is 
unclear  whether  this  breakdown  is  caused  solely  by  a 
cathodic  reaction  product  or  whether  other  processes 
(e.g.  electrostatic  debonding,  direct  reduction  of  the 
BMI)  are  also  involved. 

Rather  than  pursue  a  rigorous  analysis  of  the  constant 
phase  element  response,  a  more  qualitative  approach 
was  taken  for  purposes  of  comparison.  A  review  of 
the  experimental  data  indicated  that  the  phase  angle 
was  the  most  sensitive  indicator  of  changes  (damage) 
in  the  composite.  Therefore,  comparisons  of  interfa¬ 
cial  changes  (or  material  damage)  as  a  function  of 
exposure  conditions  were  fadhtated  by  producing 
"delta  phase  angle"  plots.  The  delta  phase  angle  plot 
is  produced  by  subtracting  the  phase  angle  value  at 
some  time  t^  from  the  initial  value  for  each  frequency 
examined: 

A0(<a,.,p  =  e(ca,.,;  -  9(co,.,p  (1) 

The  delta  phase  angle  plots  for  several  cathodic 
overpotentials  at  different  times  of  exposure  are 
shown  in  Figure  7.  In  this  plotting  format,  the  closer 
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the  response  is  to  zero,  the  smaller  the  degree  of 
interfadal  change  from  initial  conditions.  It  can  be 
seen  that  for  a  given  time  of  polarization,  the  degree 
of  damage  increases  with  increasing  cathodic  overpot¬ 
ential,  and  that  for  a  given  overpotential,  damage 
increases  with  time.  Cathodic  polarization  produces 
a  delta  phase  angle  plot  which  has  a  characteristic 
peak  between  10  and  100  Hz  and  a  gradually  increas¬ 
ing  value  below  1  Hz.  This  latter  region  is  referred  to 
as  a  low  frequency  "tail".  The  peak  results  from  a 
parallel  shift  of  the  phase  angle  response  to  lower 
frequencies  with  mcreasing  damage  (caused  by  m- 
creasing  time  or  potential),  while  the  tail  results  from 
the  decreased  impedance  and  accompanying  phase 
angles  at  lower  frequencies.  As  mentioned,  this  tail 
may  be  associated  with  the  accumulation  of  cathodi- 
cally  produced  electroactive  species. 

It  is  interesting  to  note  that  even  though  the  -1.2  Vscb 
and  -1.4  Vscb  polarizations  lie  m  the  diffusion  limited 
region  for  oxygen  reduction  and  thus  support  the 
same  cathodic  current,  the  delta  phase  angle  plot  and 
the  moisture  penetration  data  of  Figure  4  indicate 
more  change  for  -1.4  V  than  for  -1.2  V.  The  effect  of 
fiber  polarization  beyond  its  role  in  cathodic  kinetics 
needs  further  examination. 

Effects  of  Anodic  Polarization 
The  Nyquist  and  Bode  plots  for  a  composite  sample 
polarized  to  + 1.5  Vscb  are  shown  in  Figure  8.  These 
data  show  a  marked  deviation  from  the  response 
observed  for  cathodic  polarization.  Anodic  polariza¬ 
tion  produces:  (1)  a  decrease  in  the  impedance  with 
increasing  time,  (2)  a  parallel  shift  in  the  capacitive 
region  of  the  magnitude  to  lower  frequencies,  and  (3) 
very  little  depression  of  the  peak  phase  angle. 

As  in  cathodic  polarization,  the  decrease  in  impedance 
for  tmodically  polarized  samples  can  be  interpreted  as 
an  increase  in  capacitance  resulting  from  an  increase 
in  active  surface  area.  However,  the  lack  of  porous 
electrode  behavior  suggests  that  the  surface  remains 
electrochemically  "planar".  An  anodic  overpotential  of 
this  magnitude  is  expected  to  combust  the  graphite^'^ 
and  produce  a  rough  topography,  however  it  is  possi¬ 
ble  that  the  BMI  is  also  susceptible  to  oxidation  and 
ablation  in  a  manner  that  maintains  larger  "pore"  sizes 
which  are  easily  penetrated  by  the  frequencies  used  in 
these  experiments,  thus  minimizing  porous  electrode 
behavior. 

The  delta  phase  angle  plot  for  anodic  polarization 
(Figure  9)  reveals  that  very  little  change  occurs  at  low 
frequencies  m  contrast  to  the  delta  phase  angle  plot 
for  a  cathodically  polarized  sample.  The  significant 
phase  angle  peak  at  ca.  100  Hz  is  much  more  pro¬ 
nounced  than  in  the  cathodic  data  and  is  attributed  to 
the  very  uniform  shift  of  the  phase  angle  data  to  lower 
frequencies  at  longer  times  of  exposure. 


Caustic  Exposure 

The  impedance  spectra  of  BMI  composite  samples 
exposed  to  O.IM,  l.OM,  and  2.0M  NaOH  was  very 
similar  to  that  following  anodic  polarization.  The 
spectra  showed  essentially  no  depression  of  the  phase 
angle  and  parallel  shifts  in  the  magnitude  and  phase 
angle  response  to  lower  frequencies  as  the  severity  of 
the  environment  increased.  The  similarity  to  anodic 
polarization  was  also  borne  out  in  the  delta  phase 
angle  plot  as  seen  in  Figure  10.  A  delta  phase  angle 
peak  has  been  clearly  observed  in  caustic  solutions  as 
dilute  as  10  mM. 

In  keeping  with  the  previously  proposed  theory  for 
electrochemical  damage,  it  was  initially  predicted  that 
caustic  exposure  should  create  damage  similar  to 
cathodic  polarization,  if  OH'  ions  are  the  key  damag¬ 
ing  species.  However,  there  is  an  absence  of  porous 
behavior  in  the  caustic  exposure  in  contrast  to  cathod¬ 
ic  polarization.  The  uniform  shifts  in  the  magnitude 
and  phase  angle  plot  indicate  that  the  electrode  is 
uniformly  accessible,  i.e.  no  porosity  is  developing. 
One  possible  explanation  of  this  is  that  bulk  dissolu¬ 
tion  of  the  BMI  by  the  caustic  solution  is  occurring  so 
as  to  expose  new  fiber  area  but  not  create  small  pores 
between  the  fiber  and  matrix.  In  contrast,  the  locally 
generated  hydroxyl  ions  (or  reaction  intermediates) 
produced  during  cathodic  polarization  cause  matrix 
damage  in  the  immediate  proximity  of  the  graphite 
fiber,  thus  creating  a  groove  or  pore  adjacent  to  the 
fiber.  However,  this  does  not  explain  the  significant 
low  frequency  tail  observed  in  the  cathodically  polar¬ 
ized  samples  but  not  in  the  samples  exposed  to  caustic 
solution. 

It  is  well  documented  that  in  neutral  or  alkaline 
environments,  the  oxygen  reduction  reaction  can  take 
one  of  two  possible  pathways:  "Pathway  1"  also  known 
as  the  "peroxide  pathway”,  and  "Pathway  2",  also 
known  as  the  "direct  4-electron  pathway"’^^.  What  is 
immediately  relevant  about  these  reactions,  however, 
is  that  Pathway  1  forms  a  peroxide  intermediate  which 
desorbs  from  the  catalyst  smface,  while  in  Pathway  2, 
the  peroxide  remains  adsorbed  on  the  surface. 
Pathway  2  is  viewed  as  a  less  damaging  mechanism 
since  highly  damaging  peroxide  intermediates  do  not 
enter  into  the  solution  phase.  The  implications  with 
regards  to  BMI-GF  composites  are  extremely  impor¬ 
tant.  Catalysts  on  which  Pathway  1  is  clearly  domi¬ 
nant  include  carbon  and  graphite^’^,  and  gold  (in 
alkaline  electrolytes)“.  Carbon  is  a  very  effective 
catalyst  for  reduction  of  Oj  to  peroxide  in  alkaline 
solutions  as  might  occur  during  cathodic  polarization 
in  a  restricted  geometry  such  as  the  disbonded  region 
between  the  fiber  and  matrix.  The  exchange  current 
density,  for  the  production  of  peroxide  on  graphite 
and  carbon  is  very  high,  ca.  10"*  to  10’’  A/cm^[33,34]. 
But  more  importantly,  the  kinetics  for  further  reduc¬ 
tion  or  decomposition  of  peroxide  on  carbon  and 
graphite  are  slow  compared  to  the  desorption  process, 
resulting  in  the  build-up  of  substantial  peroxide  in  the 
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electrolyte  within  a  porous  or  creviced  geomctry^'^. 
The  reason  that  peroxide  becomes  important  in  the 
degradation  of  polyimide  bciscd  composites  is  because 
high  peroxide  concentrations  can  lead  to  high  concen¬ 
tration  of  superoxide  radical  species  (e.g.  Oj'*  and 
OH*)  within  the  pore  or  crevice.  In  air  saturated 
concentrated  NaOH  containing  O.IM  HOj',  the 
equilibrium  concentration  of  Oj'*  would  be  ca.  10"*  M 
which  exceeds  the  concentration  of  oxygen  by  an  order 
of  magnitude^'^.  These  superoxide  radical  intermedi¬ 
ates  produced  during  homogeneous  peroxide  decom¬ 
position  have  a  lifetime  of  approximately  200  sec.  at 
20“  C  and  are  much  more  damaging  than  peroxide. 
An  additional  property  of  superoxide  radicals  which 
make  them  excessively  deleterious  to  polymers  is  that 
they  can  react  with  labile  hydrogens  on  the  polymer 
surface  to  produce  a  more  highly  reactive  hydroper- 
oxyl  radical  (HOO*)  which  is  hydrocarbon  soluble 
and  can  readily  diffuse  through  the  polymer  where  it 
is  converted  by  further  reaction  with  labile  hydrogens 
to  peroxide^. 

Preliminary  fracture  studies  of  cathodically  polarized 
BMI  composites  have  shown  evidence  of  bulk  polymer 
degradation  not  seen  in  samples  exposed  to  caustic 
alone^  (Figure  11).  In  fact,  exposures  to  caustic 
solutions  over  the  same  time  frame  as  the  cathodic 
polarization  caused  an  increase  in  fracture  strength 
probably  as  a  result  of  plasticization  of  the  brittle  BMI 
matrix.  In  the  presence  of  light,  this  peroxide  can 
undergo  photolysis  to  form  hydroxyl  radicals  which 
can  further  initiate  oxidation.  Thus,  although  the 
overall  oxygen  reduction  reaction  produces  OH'  ions 
which  can  degrade  polyimides,  the  electrochemical 
reduction  of  oxygen  on  graphite  quite  likely  leads  to 
the  production  of  aggressive  mtermediates  which 
desorb  from  the  surface,  become  hydrocarbon  soluble, 
and  are  much  more  damaging.  Because  of  these 
extremely  aggressive  intermediates,  it  is  probable  that 
all  polymer  matrices  will  be  susceptible  to  damage  to 
varying  degrees  unless  efforts  are  made  to  control  the 
electrochemistry  on  the  graphite.  This  laboratory  has 
observed  similar  electrochemical  degradation  of  epoxy 
matrix  composites  using  EIS,  however  the  kinetics 
were  slower  than  that  of  BMI-based  materials. 
Several  possible  compounds  and  surface  treatment 
procedures  have  been  identified  which  can  change  the 
oxygen  reduction  pathway  on  graphite  from  the 
deleterious  Pathway  1  to  Pathway  2. 

Galvanic  Couples 

The  Nyquist  and  Bode  plots  for  a  composite  sample 
which  has  been  galvanically  coupled  to  an  1100 
aluminum  in  aerated  0.6M  NaCl  showed  that,  with 
time,  the  overall  impedance  decreases,  the  slope  of 
the  magnitude  plot  decreases,  and  the  phase  angle 
decreases.  As  before,  these  changes  have  been 
attributed  to  an  increase  in  active  surface  area  (i.c. 
fiber  area)  and  the  development  of  porosity',  suggest¬ 
ing  similar  damage  as  that  for  cathodic  polarization. 
Some  difference,  however,  is  noted  in  the  delta  phase 


angle  plot  (Figure  12)  where  the  peak  in  the  200  Hz 
range  is  more  pronounced  for  the  galvanic  couples 
resulting  from  an  added  parallel  shift  in  the  magnitude 
plot.  Both  galvanic  couples  and  cathodic  polarization 
produce  a  low  frequency  tail  in  the  delta  phase  angle 
plot  which  is  proposed  to  result  from  the  electrochem- 
ically  generated  peroxide  intermediates  which  are  not 
present  in  the  caustic  exposures. 

The  impedance  changes  observed  for  couples  to 
alummum,  steel,  copper,  and  titanium  follow  the 
sequence  predicted  from  the  metal  activity  in  NaCl 
solution.  The  potentials  established  by  the  various 
metals  were  as  follows:  Al= -0.81  Fe=-0.70  Vsea 

Cu  =  -.20  VscE)  Ti=-0.05  to  -(-0.12  Vs^g.  It  should 
be  noted  that  the  variable  potentials  observed  with 
titanium  couples  also  resulted  in  variations  in  the  delta 
phase  angle  plots.  In  some  tests,  the  delta  phase 
angle  showed  positive  phase  angle  changes  as  opposed 
to  negative  changes  observed  in  cathodically  polarized 
samples.  This  variabihty  may  arise  from  the  high 
polarizability  of  titanium.  Although  titanium  is 
regraded  as  a  benign  couple  for  the  construction  of 
composite  aerospace  structures,  the  data  presented 
here  raises  some  very  critical  questions.  The  subtle 
changes  observed  by  EIS  for  titanium  couples  may 
produce  unnoticeable  visual  or  mechanical  alterations 
in  a  time  frame  of  several  months  or  several  years. 
Questions  remain,  however,  as  to  how  these  changes 
will  extrapolate  over  the  lifetime  of  the  structure. 
Issues  of  crevice  geometry,  crevice  chemistry,  and 
temperature  should  be  examined  in  futme  studies. 

rV.  SUMMARY  AND  CONCLUSIONS 

The  growing  range  of  working  environments  and 
applications  encountered  by  graphite  fiber/polymer 
matrix  composites  necessitates  information  about  the 
environmental  durability  of  these  materials.  Present 
methods  for  testing  environmental  effects  on  polymer 
matrix  composites  are  limited  in  sensitivity  and  arc 
destructive,  while  accelerated  tests  raise  skepticism 
with  regard  to  the  fidelity  of  the  mechanism. 

Present  evidence  suggests  that  electrochemical  imped¬ 
ance  spectroscopy  is  a  rapid  and  sensitive  method  for 
monitoring  changes  in  surface  morphology  and  surface 
chemistry  in  graphite  fiber  filled  polymer  matrix 
composites  in  the  conditions  of  interest.  This  claim  is 
based  on  direct  correlation  of  EIS  data  with  polariza¬ 
tion  conditions  as  well  as  general  agreement  between 
calculated  moisture  penetration  rates  and  field  data. 
This  method  has  been  particularly  useful  in  analyzing 
the  chemical  and  electrochemical  degradation  process¬ 
es  of  BMI-GF  composites. 

Cathodic  polarization  of  BMI-GF  samples  causes  a 
degradation  process  which  appears  to  degrade  the 
fiber/matrix  interface  and  produces  a  porous  interface 
as  observed  via  EIS.  The  damage  is  dependent  on  the 
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rate  of  oxygen  reduction  and  on  overpotential.  Elec¬ 
trochemical  changes  observed  at  low  overpotentials 
are  less  clearly  understood  and  may  result  from  a 
combination  of  physical  changes  and  oxida¬ 
tion/reduction  of  prismatic  edge  functional  groups. 
Although  hydroxyl  ion  production  is  regarded  by  many 
to  be  the  damaging  species,  this  research  indicates 
that  oxygen  reduction  reaction  intermediates  (e.g. 
peroxide,  superoxide  radicals)  may  be  the  key  damag¬ 
ing  species.  Caustic  exposure  and  anodic  polarization 
produced  EIS  spectra  in  which  no  porosity  was 
observed.  Because  of  the  agressiveness  of  the  pro¬ 
posed  damaging  species,  it  is  believed  that  the  devel¬ 
opment  of  composite  materials  which  are  immtme  to 
electrochemical  degradation  will  require  an  approach 
that  controls  the  initial  electrochemistry  on  the 
graphite.  Several  methods  for  this  control  have  been 
identified  by  these  authors. 

Galvanic  couples  to  aluminum,  steel,  copper,  and 
titanium  resulted  in  spectra  similar  to,  but  not  identi¬ 
cal  to  cathodic  polarization.  It  is  possible  that  the 
metal  ions  released  in  the  oxidation  of  the  metal  may 
be  responsible  for  the  observed  differences.  The 
degree  of  interfacial  change  observed  via  EIS  corre¬ 
sponded  to  the  potential  established  by  the  galvanic 
couple  (Al>Fe>Cu>Ti).  Of  particular  importance  is 
the  fact  that  galvanic  coupling  of  a  BMI-GF  composite 
sample  to  titanium  produced  impedance  changes 
which  are  not  necessarily  benign.  The  impact  of  this 
result  in  combination  with  temperature  and  crevice 
effects  should  be  examined  further. 
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Figure  1.  Potentiodyna- 
mic  polarization  scan  (0.2 
mV/s)  of  BMI  composite 
in  0.6  M  NaCi. 


Figure  Z  Nyquist  and  Bode 
plots  for  BMI  composite 
sample  which  has  been 
polarized  to -1 .4  VscE-  EIS 
was  performed  at  OMsce- 
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solution 


Figure  3.  Schematic  of  proposed  source  of  porous 
electrode  effect  in  cathodically  polarized  samples. 
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Figure  5i  Bode  phase  angle 
plot  for  BMI  composite 
which  has  been  subjected 
to  intermittent  cathodic 
polarization. 
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Figure  6.  Bcxie  phase  angle  plots  for  BMI  compos¬ 
ite  exposed  to  aerated  0.6M  NaCI  for  4  days  under 
open  circuit  conditions  (18  experiments). 


Figure  7.  “Delta  phase  angle'  plots  for  several  cathodic 
overpotentlals  at  different  times  of  exposure  in  aerated 
0.6M  NaCl. 


Figure  8.  Nyquistand  Bode  plots 
for  BMI  conposite  sample  polarized 
to  + 1 .5  VscE  in  aerated  0.6M  NaO. 
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Figure  9.  Delta  phase  angle  plot 
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Figure  10.  Delta  phase  angle  plot 
for  BMI  composite  exposed  to 
various  concentrations  of  NaOH 
at  room  temperature  for  1 1 4  hours. 


Figure  11.  Summary  of  shear 
strength  data  taken  from  notched 
2-ply,  0  degree  BMI  samples  ^ 
exposed  for  1  and  3  days  to  S. 
various  chemical  and  electro-  ^ 
chemical  environments:  air  g 

(control),  0.6M  NaQ,  0.4M  NaOH,  ^ 
0.4M  NaOH  -r  O.IM  HA.  0.6M 
NaCI  +  anodic  polarization  (+0.5  “ 

Vsce).  0-6M  NaCI  +  cathodic  pol-  ^ 
arization  (-1.0,  -1.3,  -1.7  Vgcc). 
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Figure  12.  Delta  phase  angle  plot  for  BMI  composite 
samples  which  have  been  galvanically  coupled  to 
aluminum  steel,  copper,  and  titanium. 
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1.  SUMMARY 

An  optical  double  pass  retroreflection  surface  inspection  technique 
(D  Sight)  used  for  visualizing  surface  distortions,  depressions  or 
protrusions  has  been  adapted  as  a  rapid,  enhanced  visual 
inspection  method  inspection  of  large  external  aircraft  surfaces.  A 
project  to  fully  characterize  the  D  Sight  indications  of  corrosion 
damage  in  lap  splices  is  currently  active.  Over  1 50  large  transport 
aircraft  fuselage  lap  splice  specimens  have  been  collected. 
D  Sight  Aircraft  Inspection  System  -  (DAIS)  250C  has  been 
developed  and  tested  both  in  the  laboratory  and  in  the  field.  In 
laboratory  tests  lap  splices  retrieved  from  retired  aircraft  and 
subjected  to  accelerated  corrosion  and  lap  splices  naturally 
corroded  in-service  were  inspected  with  DAIS,  eddy  current,  X- 
ray,  shadow  moire  and  subjected  to  tear  down.  It  has  been  shown 
that  the  DAIS  250C  is  capable  of  locating  corrosion  pillowing 
indicative  of  a  thickness  loss  as  low  as  2%.  The  first  field  trial  of 
the  DAIS  250C  was  based  on  two  service  bulletins  requiring 
inspection  of  longitudinal  and  circumferential  lap  splices  on  the 
737-200  aircraft  from  BS  259.5  to  BS  1016.  The  DAIS  250C 
inspection,  including  analysis  and  report,  took  36  man-hours.  The 
recommended  technique  in  the  SB  was  close  visual  inspection  and 
the  time  required  according  to  the  service  bulletins,  was  278  man¬ 
hours. 

Computer  modelling  of  the  bulging  of  fuselage  skins  due  to 
corrosion  and  D  Sight  image  simulation  is  also  being  conducted 
as  a  tool  for  inspection  interpretation. 

2.  INTRODUCTION 

The  age  of  an  aeroplane  can  generally  be  measured  in  terms  of  its 
major  design  goals:  years  of  service,  number  of  flights  or  number 
of  flying  hours.  In  1993  the  airlines,  for  various  economic 
reasons,  continued  to  operate  more  than  3000  jet  aeroplanes  with 
more  than  twenty  years  service  [1].  The  military  operators  are  in 
a  similar  position  as  exemplified  by  US  Air  Force  C/KC-135 
which  was  produced  in  the  late  1950s  and  60s,  and  is  currently 
projected  for  service  through  the  first  half  of  the  next  century  [2]. 
A  series  of  conferences  on  aging  aeroplanes,  the  first  of  which  was 
held  in  1988  [3],  have  established  that  multiple-site  fatigue 
cracking  and  corrosion  are  the  major  issues  affecting  the 
airworthiness  of  these  aeroplanes.  Often  large  areas  of  the  airframe 
are  affected  and  need  to  be  inspected  with  increased  frequency  as 
compared  with  new  aeroplanes.  Continued  airworthiness  of  these 
aging  aeroplanes  requires  improved  non-destructive  testing  (NDT) 
techniques. 

At  the  1989  AGARD-SMP  on  emerging  NDT  techniques,  the 
D  Sight  optical  set  up  and  its  potential  as  a  technique  for 
inspecting  composite  aircraft  structure  were  introduced  for  the  first 
time  [4][5].  Later,  D  Sight's  potential  as  an  aircraft  corrosion 
detection  method  was  documented  in  [6].  At  the  time,  it  was 
shown  that  filiform,  exfoliation  and  fuselage  lap  splice  corrosion 
could  be  detected.  Subsequently  the  authors  were  invited  to 
participate  in  USAF  sponsored  corrosion  NDT  equipment 


evaluations.  The  D  Sight  based  ‘breadboard’  system  designed  for 
composite  materials  was  used  and  although  not  optimized  for  lap 
splice  corrosion  it  performed  very  well  ("enhanced  visual  method" 
in  [2]). 

Each  D  Sight  application  area  requires  that  the  system  limitations 
and  sensitivity  be  determined.  As  well,  a  specialized  inspection 
optical  arrangement  is  desirable  and  should  be  developed  for  each 
important  application  category.  Since  addressing  all  potential 
D  Sight  applications  simultaneously  was  not  feasible,  it  was 
decided  that  fuselage  lap  splices  would  be  the  focus  for  D  Sight 
corrosion  detection  development.  A  1993  survey  of  16  North 
American  airlines  conducted  by  Diffracto  Limited  confirmed  that 
lap  splice  corrosion  is  the  most  significant  corrosion  problem  in 
large  jet  transport  aeroplanes.  The  results  of  Phase  I  of  a  three 
phase  project  initiated  early  in  1993  to  develop  the  D  Sight 
Aircraft  Inspection  System  (DAIS)  for  lap  splice  corrosion 
detection  are  summarized  in  this  paper. 

3.  LABORATORY  VALIDATION 

3.1  Specimen  Library 

a)  Specimen  collection 

The  first  step  in  gaining  confidence  in  a  new  NDT  technology  is 
to  test  it  in  the  laboratory  on  as  many  as  possible  representative 
specimens  containing  defects  -  in  this  case  corrosion.  Such 
evaluations  are  needed  to  establish  the  limits  of  the  method's 
applicability  and  sensitivity.  There  are  three  basic  types  of 
fuselage  lap  splices  as  shown  in  Figure  1.  An  aeroplane  fuselage 
design  may  have  two  or  all  three  of  these  basic  joints  with  a 
number  of  doublers  and  substructure  (stiffeners,  frames  and 
tearstraps)  attached.  Some  manufactures  rivet  and  seal  the  splices 
(Douglas)  while  others  use  a  combination  of  riveting  and  bonding 
(Boeing,  Lockheed).  Nearly  all  transport  aeroplane  skins  are 
made  of  2024-T3  aluminium  alloy,  the  stringers  are  typically 
7075-T6  alloy  while  some  tearstraps  are  made  of  titanium.  A 
typical  jet  transport  aeroplane  contains  nearly  200  lap  splice 
configurations.  For  practical  reasons  it  was  decided  that  only  a 
representative  selection  of  splices  would  be  retrieved  from  retired 
aeroplane  types.  Over  the  course  of  a  year,  the  National  Research 
Council  (NRC)  has  established  a  lap  splice  specimen  library 
containing  over  150  specimens  and  representing  the  following 
aeroplane  types:  Douglas  DC-9,  DC-10,  Boeing  B-727,  737  and 
Lockheed  101 1  [7].  Further  additions  to  the  library  are  planned. 
The  DC-9  lap  splice  specimens  collected  for  the  library  are  shown 
in  the  shaded  areas  in  the  schematic  (‘turtle  diagram’)  in  Figure  2. 

b)  Laboratory  Corrosion  Exposure 

Laboratory  D  Sight  inspections  of  the  library  of  specimens 
indicated  that  about  60%  of  the  specimens  contained  varying 
degrees  of  corrosion.  This  was  confirmed  by  limited  tear  down 
inspections.  These  specimens  were  used  to  develop  specifications 
for  the  DAIS  corrosion  inspection  head  optics. 

Accelerated  corrosion  processes  were  reviewed  and  their  ability 
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to  simulate  the  corrosion  occurring  in  aeroplane  lap  slices  was 
verified  experimentally.  On  that  basis,  the  ASTM  Standard  B368 
Copper-Accelerated  Acetic  Acid-Salt  Spray  (CASS)  Testing 
Method  has  been  selected  as  the  most  suitable  for  this  program. 

A  number  of  constructions  representing  longitudinal  and 
circumferential  lap  splices  from  the  non-corroded  specimens  were 
prepared  for  accelerated  corrosion  testing.  In  general,  these  had 
a  nominal  surface  area  of  about  1400  cm^  (1.5  ff).  A  few 
specimens  were  subjected  to  corrosion  testing  in  their  original 
unaltered  condition,  i.e.,  without  disassembly  and  removal  of 
corrosion  protection  from  the  inner  surfaces.  The  majority  of 
specimens  were  disassembled  and  inspected  for  existing 
corrosion.  Protective  coatings  on  selected  surfaces  were  removed 
and  the  specimens  were  reassembled  and  introduced  into  the 
corrosion  chamber.  Specimens  with  thin  skin  material  had  their 
original  stiffener  structure  included  in  the  reconstruction.  The 
exterior  surfaces  of  all  specimens  were  coated  using  an  easily 
strippable  paint  system  which  protected  these  surfaces  from  the 
corrosive  environment  and  facilitated  periodic  NDT.  Table  1  lists 
specimens  subjected  to  the  accelerated  corrosion  process.  The  aim 
of  this  effort  was  to  produce  controlled  levels  of  corrosion  to  better 
establish  D  Sight  corrosion  sensitivity  and  resolution. 

c)  Chemical  Characterisation  of  Corrosion  Products 
Chemical  characterization  tests  were  conducted  on  corrosion 
product  samples  extracted  from  the  lap  splices  of  aging  aeroplanes 
and  also  those  produced  by  exposure  to  acidified  salt  fog  in  the 
laboratoiy.  The  objective  of  these  tests  was  to  determine  precisely 
the  chemical  compositions  of  the  two  corrosion  products  [8], 
which  was  desirable  for  two  reasons:  one,  to  establish  the  degree 
of  similitude  between  corrosion  occurring  naturally  in  an  aging 
aeroplane  and  that  produced  artificially  by  exposure  to  salt  fog  in 
the  laboratory;  and  two,  for  the  development  of  a  mathematical 
model  of  the  “pillowing”  deformation  of  the  outer  skin  caused  by 
the  accumulation  of  corrosion  products  within  aging  fuselage  skin 
splices.  Three  methods  were  used  for  the  chemical  analysis  of  the 
corrosion  products:  x-ray  diffraction  (XRD),  x-ray  photoelectron 
spectroscopy  (XPS)  and  Auger  electron  spectroscopy  (AES). 

It  is  generally  believed  that  the  usual  product  of  corrosion  of 
aluminium  and  aluminium  alloys  in  a  humid  atmosphere  is  some 
form  of  hydrated  aluminium  oxide  [9].  The  opinion  most 
favoured  by  researchers  is  that  the  initial  product  is  amorphous 
aluminium  hydroxide  (Al(OH)3)  which  crystallizes  with  time  to 
become  a  hydrated  oxide  or  a  mixture  of  oxides.  The  major 
crystalline  phases  commonly  identified  are  aluminium  oxide 
monohydrate  Boehmite  (a-Alj03.H20  or  AlO.OH)  and 
aluminium  oxide  trihydrate,  the  latter  existing  in  both  alpha  form 
as  Gibbsite  or  Hydrargillite  (a-Al.Oj.SHjO)  and  beta  form  as 
Bayerite  (P-Al^Oj.SHp,  monoclinic)  [10,11].  Based  on 
thermodynamic  considerations,  Deltombe  and  Pourbaix  [12] 
suggest  that  the  form  of  the  product  progressively  moves  to  less 
soluble  oxides:  from  Boehmite  to  Bayerite  to  Gibbsite.  The 
studies  of  Hart  [13]  and  Shipko  and  Haag  [14]  appear  to  support 
this  hypothesis.  The  results  of  the  chemical  analysis  tests 
conducted  partly  at  the  NRC  Institute  for  Aerospace  Research  and 
partly  at  the  NRC  Institute  for  Microstructural  Studies  are  also  in 
general  agreement  with  this  point  of  view.  They  indicate  that  the 
major  portion  of  the  corrosion  product  is  either  amorphous  or 
crystalline  aluminium  oxide  trihydrate,  while  a  small  fraction  is  in 
the  monohydrate  form,  which  appears  to  be  an  intermediate 
transition  state. 


Table  2  contains  information  on  molecular  volume  ratio  for 
aluminium  and  its  different  oxides.  It  should  be  noted  that 
aluminium  oxide  trihydrate  has  the  highest  volume  increase  ratio 
(6.45). 

The  most  significant  result  from  the  x-ray  diffraction  analysis  was 
the  similarity  of  the  spectra  generated  by  the  natural  corrosion 
product  and  the  laboratory  sample,  which  confirmed  that  exposure 
to  acidified  salt  spray  in  the  laboratory  quite  closely  duplicated  the 
process  of  corrosion  in  aging  aeroplane. 

3.2  DAIS  250C  Specifications  and  Design 

The  schematic  of  the  DAIS  250C  inspection  head  is  shown  in 
Figure  3.  The  weight  of  the  first  model  made  of  aluminium  alloy 
sheet  metal  was  5.5  kg.  Production  models  are  expected  to  weigh 
less.  The  length  of  the  head  spans  slightly  more  than  the  typical 
body  station  distance  between  frames.  The  inspection  head  is 
attached  to  a  portable  PC  computer  running  dedicated  software,  a 
power  supply  and  a  remote  pendant.  The  pendant  includes  a  small 
video  display  and  an  LCD  touch  sensitive  screen  through  which 
the  inspector  can  control  the  system  operation  (eg.  light  level, 
image  saving  and  annotation  etc).  D  Sight  images  are  saved  as 
bitmaps  in  the  popular  TIFF  format.  The  DAIS  inspection 
requires  two  person  operation:  one  manipulating  the  inspection 
head  and  the  other  operating  the  pendant.  The  scanning  rate  is 
approximate  1.2  m/min.  The  image  interpretation  can  be 
performed  at  a  later  time  either  by  viewing  images  on  a  monitor, 
or  from  prints. 

3.3  Specimen  Test  Results 

The  specimens  which  were  subjected  to  accelerated  corrosion 
testing  in  the  laboratory  were  inspected  with  D  Sight  before,  at  one 
or  two  intermediate  stages,  and  at  the  end  of  the  corrosion 
application.  Several  of  these  specimens  were  also  inspected  by 
other  NDT  techniques  for  comparison  with  the  D  Sight  results. 
The  main  techniques  other  than  D  Sight  employed  for  monitoring 
the  growth  of  corrosion  in  the  specimens  were  x-ray  radiography, 
eddy  current  and  shadow  moird. 

a)  X-ray 

The  radiography  was  performed  with  a  LORAD  LPX-160  Series 
Portable  Industrial  x-ray  Unit  capable  of  applying  an  x-ray 
Potential  of  up  to  160  kV  and  a  maximum  tube  current  of  5  mA. 
The  specimens  were  placed  at  a  distance  of  43  inches  from  the  x- 
ray  tube  on  a  table  lined  with  lead  to  prevent  back-scattering  of  the 
radiation.  For  most  of  the  aircraft  lap  splice  specimens,  the 
applied  voltage  was  55  kV  with  the  tube  current  at  2.5  mA  for  an 
exposure  time  of  60  secs.  For  some  of  the  heavier  specimens, 
60  kV  was  applied.  The  x-ray  images  were  recorded  on  Kodak 
Industrex  M  x-ray  film  and  developed  in-situ  for  immediate 
inspection.  Several  naturally  corroded  specimens  retrieved  from 
aging  aircraft  were  also  inspected.  The  x-ray  results  were  largely 
disappointing,  in  that  they  failed  to  detect  any  corrosion  in  most 
of  these  specimens,  even  those  that  revealed  significant  amounts 
of  corrosion  on  tear  down  and  during  visual  inspection. 
Radiography  was  therefore  employed  only  on  two  of  the 
accelerated  corrosion  specimens:  Boeing  727  specimen  43L6  and 
DC-9  specimen  56T21A. 

Significant  amounts  of  corrosion  were  obvious  in  the  ambient 
views  of  the  interior  and  exterior  surfaces  of  both  specimens. 
Virtually  no  corrosion  was  identified  in  the  x-ray  of  the  DC-9 
specimen  56T21A.  The  x-ray  of  the  Boeing  727  specimen  43L6 
however,  exhibited  several  dark  areas  which  are  indicative  of 
corrosion  within  the  lap  splice. 
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b)  Shadow  Moire 

Shadow  moire  is  a  simple  and  efficient  means  of  obtaining  whole- 
field  contour  maps  of  out  of  plane  deformations.  The  surface 
topology  of  several  of  the  corrosion  specimens  was  mapped  and 
recorded  using  this  technique  before,  at  an  intermediate  stage,  and 
at  the  end  of  the  accelerated  corrosion  process.  The  location  and 
alignment  of  the  grid  over  the  specimen  with  consistent 
repeatability  was  achieved  by  mounting  the  grid  on  a  frame  with 
locating  screws  and  supporting  legs  fitted  with  dial  gauges  for 
accurate  recording  of  their  vertical  movements.  The  specimen  was 
illuminated  with  a  collimated  light  source  from  an  angle  of  45"  and 
viewed  through  a  high  resolution  CCD  camera  from  vertically 
above.  A  grid  with  200  lines  per  inch  was  used  for  the  corrosion 
studies,  which  provided  a  sensitivity  of  0.127  mm  (0.005")  per 
fringe. 

Shadow  moire  was  found  to  be  very  sensitive  to  the  pillowing 
deformation  caused  by  artificially  induced  corrosion.  Typical 
photographs  of  the  moire  fringes  obtained  at  different  stages  of 
exposure  are  displayed  side  by  side  for  specimen  43L6  in  Figure 
4.  The  increase  in  the  number  of  fringes  with  increasing  periods 
of  exposure  is  readily  observable.  The  shadow  moire  technique 
not  only  indicates  the  presence  of  eorrosion,  but  also  provides  a 
quantitative  measure  of  the  corrosion  buildup,  since  the  moire 
fringes  are  contours  of  constant  lateral  deflection.  It  may  be  noted 
that  since  a  fringe  of  the  opposite  intensity  lies  halfway  between 
two  fringes  of  the  same  colour  (black  or  white)  one  can  reliably 
estimate  changes  in  lateral  heights  equal  to  half  the  fringe 
sensitivity,  i.e.,  of  the  order  of  0.050-0.075  mm.  The  maximum 
pillowing  deflections  calculated  from  the  fringe  data  are  tabulated 
in  Table  3,  along  with  some  remarks  on  the  qualitative  nature  of 
the  results  observable  from  the  images  of  each  specimen.  For 
most  of  the  Boeing  specimens  the  maximum  pillowing  was 
observed  between  fasteners  in  the  same  row  rather  than  across  the 
rows.  In  the  case  of  the  Douglas  specimen  (56T21  A)  the  shadow 
moire  showed  evidence  of  appreciable  upward  curling  (of  the 
order  of  0.12  mm)  of  the  free  lip  of  the  top  skin,  but  did  not 
indicate  significant  deformation  of  the  skin  between  the  top  and 
bottom  rivet  rows.  This  appears  to  be  due  to  the  fact  that  the 
distance  between  the  rivet  rows  in  this  specimen  is  three  times  that 
between  the  rivets  in  the  same  row,  which  causes  the  curvature  to 
be  restricted  to  the  ends,  and  the  middle  segments  of  the  strip  to 
remain  relatively  flat  (the  modelling,  described  later,  indicates  that 
in  the  case  of  a  rectangular  panel  of  aspect  ratio  2  pinned  at  the 
four  comers,  the  deformation  due  to  uniform  lateral  pressure  at  the 
midpoints  of  the  long  edges  is  99%  of  that  at  the  centre  of  the 
panel,  while  it  is  only  1 8%  at  the  midpoint  of  the  short  edges  [15]). 
This  significantly  reduces  the  ability  of  the  inspector  to  detect 
pillowing  visually  in  these  joints  and  makes  the  enhanced 
capability  of  D  Sight  even  more  attractive.  Based  on  the 
modelling  results  and  shadow  moird  measured  deformations  the 
specimens  in  the  accelerated  corrosion  group  contained  from  2  to 
7%  corrosion. 

c )  Eddy  Current 

The  eddy  current  inspection  was  performed  as  per  Douglas 
specifications  [16]  using  aZetec  MIZ-40  multi-frequency  eddy 
current  test  instrument  attached  with  a  Tyvin  LFSL-D  low 
frequency  differential  eddy  current  probe  (880  Hz  to  1 0  KHz).  A 
450  mm  manual  XY  positioner  was  used  to  locate  the  probe  over 
the  specimen.  The  data  from  the  positioner  and  the  analog  XY 
information  from  the  MIZ-40  was  fed  into  a  Dupont  PortaScan 
PSl  portable  colour  scan  imaging  system,  equipped  with  PSIS- 
MIZ40  Eddy  Current  Software.  The  PortaScan  system  provides 
an  instant  two-dimensional  mapping  of  the  information  from  the 


eddy  current  probe  filtered  through  gates  which  can  be  set  to  a 
desired  value  to  display  flaws.  The  following  settings  were  used 
on  the  MIZ-40  system  for  inspecting  the  corrosion  specimens: 
Frequency  =  10  KHz,  Gain  25  dB,  Phase  80,  H  2.0,  V  1.6, 
Samples  500.  The  set  up  was  calibrated  using  a  reference 
specimen  which  consisted  of  two  pieces  of  aircraft  skin  fastened 
together  with  bolts,  one  of  which  had  rectangular  grooves  of 
different  depths  cut  into  its  inner  surface  at  regular  intervals.  It 
was  found  that  the  sensitivity  of  the  eddy  current  probe  was 
limited  to  a  minimum  thickness  loss  of  about  0.23  mm  (0.009 
inches),  so  this  value  was  used  to  set  the  gates  in  the  PS  1  imaging 
software  for  the  corrosion  samples.  In  aircraft  NDT  practice,  it  is 
accepted  that  eddy  current  methods  are  limited  to  about  10%  loss 
of  thickness  in  the  first  layer.  There  is  evidence,  confirmed  at 
NRC  after  the  tests  described  here  were  completed,  that  newer 
probes  in  a  laboratory  setting  are  capable  of  resolving  corrosion 
thickness  loss  in  the  first  layer  down  to  approximatly  5%.  An 
example  of  a  comparison  of  an  eddy  current  result  with  a  D  Sight 
inspection  is  illustrated  in  Figure  5. 

The  eddy  current  testing  was  less  effective  on  some  Douglas 
specimens  than  on  the  Boeing  specimens.  The  Boeing  lap  splices 
normally  have  rivet  spacing  equal  to  about  an  inch  in  length  (25 
mm),  in  the  longitudinal  as  well  as  circumferential  direction.  The 
inter-rivet  spacing  on  the  Douglas  specimens  is  about  an  inch  and 
a  half  (37  mm)  in  the  circumferential  direction  and  only  a  third  of 
that  in  the  longitudinal  direction.  This  close  spacing  caused 
spurious  results  in  the  eddy  current  tests  since  a  probe  with  a 
diameter  of  10  mm  had  to  be  used  for  scanning  these  specimens 
(rather  than  the  13  mm  probe).  Similarly,  the  proximity  of  the 
rivet  row  to  the  edge  of  the  outer  skin  of  the  Douglas  joints  also 
resulted  in  a  loss  of  sensitivity  of  the  eddy  current  probe  in  this 
region. 

The  comparison  of  D  Sight,  shadow  moire  and  eddy  current 
inspections  carried  out  on  specimens  exposed  to  accelerated 
corrosion  is  summarized  in  Table  3.  As  should  be  expected  the 
results  show  an  excellent  correlation  between  D  Sight  and  shadow 
moire  since  both  are  sensitve  to  bulging.  Corrosion  mapping  from 
shadow  moire  was  not  attempted  as  only  part  of  a  specimen  could 
be  inspected  with  this  technique.  This  was  due  to  the  limited  size 
of  the  available  gratings.  Out  of  9  specimens  reported  in  Table  3, 
five  seemed  to  provide  good  correlation  between  eddy  current  and 
D  Sight.  In  two  specimens,  the  eddy  current  intially  gave  weak 
indication  of  corrosion  than  D  Sight  but  with  increase  in  time  of 
exposure  to  accelerated  corrosion,  eddy  current  indications 
became  stronger.  This  was  the  first  indication  that  D  Sight  is  more 
sensitive  to  lap  splice  corrosion  than  eddy  current. 

D  Sight  inspections  of  39  specimens  from  the  general  specimen 
population  and  from  the  accelerated  corrosion  study  were 
compared  with  their  respective  eddy  current  scan  results.  These 
correlations  have  been  tabulated  into  four  categories  with  total 
numbers  of  specimens  in  each  category  given  in  Table  4.  These 
numbers  can  be  further  reduced  to  note  that  good  correlation 
between  D  Sight  and  eddy  current  was  obtained  in  24  out  of  the 
total  of  39  specimens  (62%).  The  fact  that  a  correlation  was  not 
observed  in  15  specimens  can  be  attributed  to  several  factors: 

-  Greater  sensitivity  of  D  Sight  (corrosion  was  confirmed  by 
shadow  moire  in  four  accelerated  corrosion  specimens  in  this 
category). 

-  D  Sight  is  equally  sensitive  to  the  first  and  the  second  layer 
corrosion.  Eddy  current  was  used  for  first  layer  corrosion 
detection  only  since  it  can  be  expected  to  detect  corrosion  in  the 
second  layer  of  20%  or  higher. 
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-  Reworked  lap  splices  with  excessively  thick  sealant  may  appear 
similar  to  a  corroded  joint  and  produce  D  Sight  false  calls. 

-  When  attempting  to  detect  a  low  level  of  corrosion  (2  to  3%) 
using  D  Sight  an  inspector  may  pick  up  some  surface  anomalies 
whieh  were  produced  during  assembly. 

-  Two  eddy  current  indications  in  the  fourth  category  were  false 
calls  caused  by  paint  patches  on  the  specimen  surface  (specimens 
were  not  stripped  for  eddy  current). 

Based  on  the  first  three  categories  in  Table  4.  the  D  Sight  results 
indicate  that  the  population  of  specimens  was  well  balanced 
between  non-corroded,  corroded  and  lightly  corroded  specimens 
(11:13:12).  The  fourth  category  in  Table  4  contained  non- 
corroded  or  lightly  corroded  specimens  and  do  not  affect  this 
balance  (14:13:12).  The  final  observation  which  can  be  made  is 
that  by  adding  the  four  (shadow  moire  confirmed)  corroded 
specimens  from  the  third  category  to  the  second  category  (13+4) 
and  adding  the  first  and  second  category  the  total  correct  D  Sight 
indication  number  was  (14+1 3+4=3 1 ).  This  translates  to  a  nearly 
80%  (31/39)  success  rate  for  the  D  Sight  corrosion  inspections 
supported  by  other  NDT  methods.  The  remaining  20%  of 
specimens  either  contain  a  low  level  of  corrosion  or  second  layer 
corrosion  both  undetectable  by  eddy  current  or  represent  D  Sight 
or  eddy  current  false  calls. 

It  is  suggested  that  with  the  increase  in  the  number  of  specimens 
subjected  to  accelerated  corrosion  and  periodic  moire  inspections, 
the  uncertainty  regarding  the  number  of  D  Sight  calls  which  could 
not  be  confirmed  will  be  reduced  substantially.  Also  improved 
eddy  current  probes  with  5%  corrosion  resolution  should  reduce 
the  uncertainty.  Tear  down  of  this  group  of  specimens  would  also 
help  resolve  the  issue.  It  is  felt,  however,  that  the  number  of 
destructive  tests  should  be  kept  at  a  minimum,  as  the  corroded 
specimens  should  be  retained  for  future  evaluations  of  improved 
D  Sight  and  other  NDT  systems.  An  example  of  an  in-service 
corroded  specimen  which  was  subjected  to  tear  down  subsequent 
to  a  D  Sight  inspection  is  shown  in  Figure  6.  The  D  Sight 
inspection  indicated  light  to  moderate  corrosion.  Thickness  loss 
measured  ultrasonically  was  found  to  vary  from  4%  to  1 2%. 

Excessive  sealant  application  was  mentioned  as  a  possible  cause 
of  D  Sight  false  corrosion  indication.  Most  aeroplane  operators 
can  provide  maintenance  records  which  could  help  resolve  such 
ambiguity.  Removal  of  corrosion  prior  to  application  of  sealing 
material  and  riveting  reduces  the  original  thickness  of  the  skin. 
This  is  a  general  problem  for  all  NDT  techniques  that  measure 
thinning  or  bulging  as  an  indication  of  corrosion.  If  maintenance 
records  are  not  available  these  methods  are  not  capable  of 
differentiating  between  corrosion  thickness  loss  and  prior 
maintenance  activity.  Through  a  study,  it  may  be  possible  to  find 
differences  in  D  Sight  signatures  caused  by  corrosion  or  excessive 
sealant  application. 

4.  MODELLING  OF  PILLOWING  DUE  TO  CORROSION 

-  D  SIGHT  IMAGE  SIMULATION. 

The  object  of  the  model  is  to  predict  the  extent  of  corrosion  within 
the  joint  in  terms  of  thickness  loss  at  the  internal  surfaces  of  the 
lap  splice  skins  from  the  amplitude  of  the  pillowing  in  the  outer 
skin.  Also,  the  model  can  be  used  to  generate  simulated  D  Sight 
images  of  corroded  lap  splices  for  calibration  of  DAIS 
indications.  An  analytical  model  was  first  stage  in  the 
development  used  to  determine  the  degree  of  corrosion  pillowing 
in  a  plate  that  was  fixed  at  the  four  corners.  Finite  Element 
Methods  (FEM)  in  conjunction  with  the  analytical  model  were 
then  used  to  determine  the  amplitude  of  the  pillowing  in  a  lap 


splice. 

4.1.  Analytical  Model 

An  analytical  model  of  the  pillowing  in  fuselage  joints  has  been 
developed  on  the  premise  that  after  the  lap  splice  disbonds, 
assuming  the  surfaces  were  initially  bonded,  the  aircraft  skin 
between  the  rivets  deforms  perpendicularly  to  the  lap  splice 
surface  creating  space  within  the  joint  to  accommodate  the 
additional  volume  required  by  the  corrosion  product. 

The  model  initially  assumes  that  the  product  of  corrosion  is 
distributed  within  the  joint  such  that  a  uniform  lateral  pressure  is 
exerted  on  the  fuselage  skins.  It  was  also  assumed  that  the  joint 
was  symmetrical  about  its  mid-plane.  Thus,  only  the  outer  skin 
of  the  lap  splice  was  modelled.  The  closed-form  classical  plate 
theory  of  Timoshenko  and  Krieger  [17]  was  used  to  calculate  the 
deformation  of  the  outer  skin  supported  by  equidistant  rivets  and 
subjected  to  a  uniform  lateral  pressure.  As  a  first  approximation, 
the  dimensions  of  the  rivets  are  taken  to  be  small,  that  is,  they  offer 
only  point  supports.  The  plate  segment  bounded  by  four  rivets  is 
considered  to  be  pinned  at  its  four  corners  and  subjected  to  a 
uniform  pressure.  Symmetrical  boundary  conditions  were  applied 
to  all  four  edges  of  the  plate  [15]. 

Results  obtained  from  this  model  indicate  that  the  amount  of 
pillowing  is  independent  of  the  thiekness  of  the  skin  (given 
constant  lap  skin  thickness  ratio).  In  a  lap  splice  with  equidistant 
rivets  the  maximum  deflection  (in  the  centre  of  the  modelled  plate) 
is  nearly  four  times  the  thickness  of  the  skin  material  lost  to 
corrosion.  This  helps  to  explain  D  Sight's  high  sensitivity  to  lap 
splice  corrosion. 

4.2  FEM  Model 

An  actual  lap  splice  can  contain  free  edges  and  stiffeners  which 
cannot  be  modelled  using  the  closed-form  solution.  Therefore, 
finite  element  techniques  were  required  to  develop  a  model  of  an 
aeroplane  lap  splice.  Two  finite  element  models  were  generated, 
to  determine  the  accuracy  of  the  3D  general  shell  and  3D  brick 
elements  to  model  the  out-of-plane  displacements.  The  mesh  size 
was  refined  to  determine  the  effect  that  element  size  has  on  the 
accuracy  of  the  results.  From  this  study,  it  was  concluded  that  the 
3D  general  shell  elements  could  not  accurately  model  the 
pillowing  effect.  Upon  refining  the  mesh,  the  3D  general  shell 
elements  produced  results  that  were,  at  best,  7%  higher  than  the 
closed-form  solution  while  the  3D  brick  elements  were  within  2% 
[15]. 

The  3D  brick  elements  were  used  to  model  a  typical  Boeing  slice 
with  a  hat  stiffener.  Pillowing  deformations  were  calculated  first 
for  1 0%  corrosion  on  each  faying  surface.  The  deformed  surface 
was  used  to  generate  a  D  Sight  image  using  ray  tracing  software. 
The  resultant  simulated  image  compares  favourably  with  a 
D  Sight  image  of  a  heavily  corroded  lap  splice  (Figure  7).  Thus 
a  capability  to  provide  a  D  Sight  inspector  with  a  collection  of 
calibration  images  for  a  particular  aircraft  type  was  demonstrated 
and  will  be  the  subject  of  further  refinement. 

5.  DAIS  FIELD  TRIALS 

5.1  USAF  corrosion  NDT  evaluations 

Valuable  experience  with  D  Sight  based  equipment  was  first 
obtained  under  a  Canadian  Department  of  Defence  funded  project. 
These  tests  involved  inspections  of  CF-18  composite  structures 
and  lead  to  the  development  of  a  composites  inspection  head 
(DAIS  500).  Later  the  same  equipment  was  used  during  the  two 
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stages  of  corrosion  NDT  equipment  evaluations  carried  out  by 
ARINC  on  behalf  of  USAF  in  Oklahoma  City.  The  second  of 
these  trials  led  to  a  very  structured  study  during  which  the 
corrosion  findings  in  selected  areas  of  a  KC135  aircraft  were 
correlated  with  tear  down  and  x-ray  based  thinning  measurement 
investigations.  DAIS  500  (optimized  for  composites)  was  rated 
as  excellent  for  its  corrosion  detection  ability,  while  the  false  call 
rate  and  human  factors  associated  with  the  use  of  the  equipment 
were  rated  acceptable  [18].  It  should  be  added  that  the  Oklahoma 
City  trials  took  place  before  and  during  early  stages  of  DAIS  250C 
corrosion  equipment  development.  Based  on  their  findings, 
ARINC  has  acquired  a  DAIS  250C  system  for  rapid  scanning  of 
aircraft  and  two  eddy  current  systems  for  local  verification. 

5.2  B-737-200  inspection 

The  authors  evaluated  the  DAIS  250C  in  the  field  for  the  first  time 
at  the  Federal  Aviation  Administration  (FAA)  Aging  Aircraft 
NDT  validation  Center  (AANC)  operated  by  Sandia  National 
Laboratories  in  New  Mexico.  The  AANC  has  acquired  one  of  the 
early  Boeing  737-200  models  for  the  purpose  of  providing  a  NDT 
test  bed.  The  DAIS  inspection  followed  two  service  bulletin 
calling  for  inspection  of  all  longitudinal  and  circumferential  lap 
splices  from  BS  259.5  to  BS  1016.  Over  85%  of  the  inspection 
area  was  covered.  The  remaining  1 5%  could  not  be  inspected  at 
the  time  due  to  the  unavailability  of  suitable  staging  equipment  at 
AANC.  Time  required  to  complete  the  inspections  according  to 
the  service  bulletin  is  278  person-hours.  After  factoring  the  15% 
of  the  fuselage  which  was  not  inspected,  the  DAIS  inspection, 
including  interpretation  and  documentation,  took  36  person-hours. 
The  result  of  the  inspection  was  presented  on  a  'turtle'  diagram  and 
in  detail  on  printed  D  Sight  images.  It  should  be  mentioned  that 
for  this  inspection,  a  50%  overlap  was  chosen  for  the  DAIS  head 
placement  effectively  doubling  the  number  of  D  Sight  images 
acquired. 

The  baselining  effort  (detailed  inspection  using  standard  NDT 
technologies)  for  the  AANC  aircraft  has  only  been  carried  out 
recently  and  the  results  are  not  yet  available,  however  during  the 
last  10  months  since  the  DAIS  inspection  several  other  NDT 
methods  were  evaluated  on  smaller  sections  of  the  aircraft.  The 
Double  Spring  Hopping  Probe  method  sensitive  to  disbonding, 
has  shown  at  least  90%  agreement  with  DAIS  250C  results  [19] 
(B737  splices  are  bonded). 

5.3  Air  Canada  Maintenance  Facility 

A  field  trip  to  the  Air  Canada  maintenance  facility  in  Winnipeg, 
Manitoba,  provided  an  opportunity  to  operate  DAIS  equipment  on 
aircraft  which  were  subjected  to  regular  airline  maintenance. 
Sections  of  a  DC-9  undergoing  a  D2  check  and  an  A-320 
undergoing  a  Cl  check  were  inspected  without  interference  with 
other  activities.  A  section  of  a  Continental  Airlines  Boeing  727 
aft  belly  skin  was  also  inspected  and  was  later  removed  and 
shipped  to  NRC  in  an  attempt  to  correlate  DAIS  250C  findings 
with  close  visual  inspection  of  the  removed  skin. 

The  skin  is  a  section  the  aircraft  belly  from  BS  1010  to  BS  1 183 
from  S26L  to  S26R.  It  contains  one  circumferential  butt  splice  at 
BS  1060.  Several  areas  were  repaired  using  riveted  patches.  All 
of  the  doublers,  triplers  and  repair  patches  were  included  in  the 
shipment.  The  substructure  (stringers  and  frames)  were  not 
shipped  with  the  skin  sections  (except  for  stringer  30).  This 
presents  some  difficulty  in  correlating  D  Sight  findings  with  close 
visual  inspection  (Figure  8)  as  it  is  very  likely  that  in  some 
locations  it  was  the  substructure  which  was  corroding  and  not  the 
skin  as  was  the  case  in  a  few  areas  where  corrosion  affected  the 


doubler  or  stringer  30  but  not  the  external  skin.  Because  of  this 
limitation  some  D  Sight  findings  could  not  be  confirmed  by  a 
close  visual  inspection  of  the  skin  at  NRC.  However,  the  opposite 
appears  to  be  true  -  all  close  visual  corrosion  findings  were 
confirmed  by  D  Sight.  The  corroded  areas  under  the  repair 
patches  where  the  corrosion  product  had  been  removed  prior  to 
patch  application,  as  expected,  did  not  produce  D  Sight  corrosion 
signatures. 

The  field  trials  have  provided  a  valuable  experience  in  the  use  of 
DAIS  equipment  on  large  transport  aeroplanes.  Based  on  this 
experience,  the  production  equipment  currently  under  construction 
will  be  lighter,  will  provide  a  method  of  easy  referencing  of 
D  Sight  images  to  the  specific  location  on  the  aeroplane  and  the 
inspection  will  be  driven  through  a  computer  based  plan.  The 
image  interpretation  and  reporting  will  be  facilitated  through  the 
use  of  CAD  software. 

6.  CONCLUSIONS  AND  RECOMMENDATIONS 

Accelerated  corrosion  testing  of  lap  splices  should  continue  with 
the  aim  of  reducing  the  uncertainty  regarding  D  Sight  corrosion 
detections  at  low  levels  of  corrosion.  The  testing  concentrated  on 
DC9  and  B727  lap  splices  should  also  be  expanded  to  other 
aeroplane  lap  splice  constructions. 

Corrosion  modelling  and  D  Sight  image  simulation  should  be 
expanded  to  include  a  range  of  corrosion  levels  and  other  lap 
splice  designs. 

Both  the  modelling  and  accelerated  corrosion  testing  should 
include  corrosion  in  second  and  third  faying  surfaces  as  D  Sight 
may  have  a  distinct  advantage  over  other  NDT  methods  in  these 
areas. 

A  study  attempting  to  delineate  differences  between  D  Sight 
signatures  for  corrosion  and  excessive  sealant  application  should 
be  undertaken. 

Certain  lap  splice  designs  are  not  amenable  to  unaided  visual  and 
eddy  current  inspections  for  corrosion. 

DAIS  250C  has  a  demonstrated  rapid  scan  capability  with  high 
sensitivity  for  lap  splice  corrosion. 

A  library  containing  over  150  lap  splice  specimens  has  been 
established  at  the  NRC  for  the  purpose  of  developing  corrosion 
detection  NDT  methods. 
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Serial 

number 

Specimen 

number 

Aircraft 

ID 

Joint  Type 

Condition 

Surface 

Treated 

Period  of 
Exposure 

1 

51 L2 

B727 

Lap 

Original 

1104  hrs 

2 

43L6 

B727 

Lap 

Original 

1 1 04  hrs 

3 

43L7R 

B727 

Lap 

Rebuilt 

1 

1104  hrs 

4 

46L3A 

B727 

Lap 

Rebuilt 

1+2 

1104  hrs 

5 

46L3C 

B727 

Lap 

Rebuilt 

1+2 

1104  hrs 

6 

46L3E 

B727 

Lap 

Rebuilt 

1+2 

1007  hrs 

7 

46L4A 

B727 

Lap 

Rebuilt 

1 

1104  hrs 

8 

46L4C 

B727 

Lap 

Rebuilt 

2 

1104  hrs 

9 

47-5 

B727 

Lap 

Rebuilt 

2 

1007  hrs 

10 

56T1A 

DC-9 

Lap 

Rebuilt 

1 

1007  hrs 

11 

56T1B 

DC-9 

Lap 

Rebuilt 

2 

1007  hrs 

12 

56T1C 

DC-9 

Lap 

Rebuilt 

6 

1007  hrs 

13 

56T21A 

DC-9 

Lap 

Rebuilt 

1+2 

1 1 04  hrs 

14 

56T10A 

DC-9 

Butt 

Rebuilt 

3+4 

695  hrs 

15 

56T10B 

DC-9 

Butt 

Rebuilt 

5 

695  hrs 

16 

56T1 OC 

DC-9 

Butt 

Rebuilt 

3+4 

695  hrs 

17 

56T19A 

DC-9 

Butt 

Rebuilt 

3+5 

1104  hrs 

18 

56T19D 

DC-9 

Butt 

Rebuilt 

3+4 

1007  hrs 

19 

WA7A 

DC-10 

Butt 

Rebuilt 

3+4 

695  hrs 

20 

WA7B 

DC-10 

Butt 

Rebuilt 

3+4 

695  hrs 

Table  1.  List  of  specimens  exposed  to  accelerated  corrosion. 


Formula 


Molecular 

Weight 

(gms/mole) 


Density 

(gms/cc) 


Molecular 

Weight 

Ratio 


Molecular 
Volume  Ratio 
Vmr 


Pure 

Aluminum 

Al 

26.98 

2.702 

1 

1 

Aluminum 

Oxide 

AI203 

101.96 

3.965 

3.779 

2.575 

Aluminum 

Oxide 

Monohydrate 

AI203.H20 

119.96 

3.014 

4.446 

3.986 

Aluminum 

Oxide 

Trihydrate 

AI203.3H20 

155.96 

2.42 

5.78 

6.454 

Table  2.  Molecular  Volume  Ratio  of  Aluminum  Oxides 


Specimen 

D  Sight  result 

Shadow  Moire 

Eddy  Current 

56T21A 

light  corrosion 

light  corrosion 

rivets  too  close  for  complete 
inspection 

46L3E 

mostly  middle  row  but  also  light 
corrosion  in  top  and  bottom 

mostly  middle  row  (0.33  mm) 

no  indication 

43L6 

all  corroded 

all  corroded  but  less  in  top  row 
(0.18  mm) 

all  corroded 

51L2 

bottom,  middle  and  top  rows 
corroded 

bottom,  middle  but  less  in  the  top 
row  (0.13  mm) 

weak  indication  in  all  rows 

46L4C 

top,  middle  and  bottom  but  not 
everywhere 

top,  middle  and  bottom  but  not 
everywhere  (0.25  mm) 

some  corrosion  indication 

46L4A 

all  eorroded 

all  but  light  (0.13  mm) 

some  areas  mostly  middle  row 

46L3C 

all  corroded 

all  corroded  (0. 1 8  mm) 

most  areas  corroded 

46L3A 

middle  and  top  row  light  eorrosion 

middle  and  top  light  corrosion 
(0.09  mm) 

no  indication 

43L7R 

all  eorroded 

all  corroded  (0.18  mm) 

little  eorrosion 

Table  3.  Comparison  of  D  Sight  with  Shadow  Moire  and  Eddy  Current. 


Good  correlation  between  D  Sight  and  eddy  current  maps 

No  correlation 

No  corrosion  found 
by  either  method 

Corrosion  found 
by  both  methods 

D  Sight  found  corrosion  but 
no  eddy  current 
indication 

Eddy  current  indication  but 
no  D  Sight  confirmation 

11 

13 

12 

3 

Table  4.  Number  of  specimens  in  each  inspection  result  category. 
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Figure  1.  Basic  aircraft  fuselage  lap  splice  designs. 
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Figure  2  Specimens  retrieved  from  DC9-14. 
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Figure  3.  Schematic  diagram  of  DAIS  250C  inspection  head 
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Figure  4.  Shadow  Moire  of  specimen  43L6  at  two  corrosion  exposure  times 
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Figure  5.  D  Sight  image,  D  Sight  corrosion  interpretation  and  eddy  current  scan  showing  corrosion. 
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TEARDOWN  INSPECTION  OF  SPECIMEN  B727  51  LI 


Figure  6.  Specimen  51  LI  D  Sight  and  teardown  maps  of  corrosion 
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SUMMARY 

In  order  to  acquire  some  experience  with  the  behaviour  of 
aluminum-lithium  alloys  in  the  marine  environment,  the 
Defence  Research  Establishment  Pacific  compared  panels 
made  from  Aluminum  Alloy  (AA)  2090  and  8090  sheet 
with  the  conventional  alloys  AA  7075  and  2024, 
respectively,  in  several  tests  involving  long  term  exposure 
to  sea  water  fog  and  full  or  partial  immersion  in  sea  water. 
The  results  of  these  tests  were  then  compared  with  the 
results  of  a  new  technique,  developed  by  the  Royal  Military 
College  of  Canada  for  the  analysis  of  electrochemical 
impedance  measurements,  that  was  jjerformed  on  these 
alloys  in  simulated  sea  water.  The  long  term  exposure  tests 
indicated  that  corrosion  problems  could  occur  with 
aluminum-lithium  alloys  in  the  marine  environment.  The 
8090  alloy  was  found  to  suffer  from  severe  localized  attack, 
including  intergranular  cracking,  along  edges  that  were 
immersed  in  sea  water.  The  2090  alloy,  however,  speared 
to  offer  some  advantages  over  its  7075-T6  counterpart,  as 
it  was  more  resistant  to  corrosion  at  its  edges,  even  though 
it  suffered  as  much  or  more  corrosion  on  the  rolled 
surfaces.  On  some  2090  panels,  the  corrosion  resistance  of 
the  edges  was  found  to  be  enhanced  by  cold  work 
associated  with  shearing.  Polarization  resistance 
measurements  were  generally  consistent  with  the  results  of 
the  long  term  exposure  tests,  although  they  predicted 
corrosion  rates  for  the  rolled  surfaces  of  the  8090  and  7075 
alloys  that  were  apparently  too  high.  The  angle  of 
depression  of  the  Nyquist  plots  appeared  to  correlate  with 
the  number  of  corrosion  sites  within  a  given  area  and  was 
in  good  agreement  with  visual  observations  of  the  long  term 
exposure  panels. 

INTRODUCTION 

Aircraft  designers,  manufacturers  and  operators  are 
continually  seeking  new  materials  for  aircraft  structures  that 
have  higher  strength-to-weight  ratios  in  order  to  achieve 
significant  weight  reductions.  A  lighter  airframe  can  result 
in  lower  fuel  consumption,  longer  range,  higher  acceleration 
and/or  heavier  payloads.  This  search  has  led  to  heightened 
interest  in  the  development  and  use  of  aluminum-lithium 
alloys.  These  alloys  offer  the  promise  of  lower  density, 
higher  elastic  modulus,  higher  strength  and  improved 
thermal  stability  when  compared  to  conventional  aluminum 
alloys'’*. 


Historically,  improvements  in  mechanical  properties  with 
new  alloys  have  often  resulted  in  increases  in  susceptibility 
to  corrosion  that  were  not  adequately  studied  prior  to  the 
specification  of  these  alloys  in  aircraft  structures.  For 
example,  aircraft  designers  were  quick  to  specify  the  T6 
temper  of  AA  7075  because  of  its  high  modulus  and 
strength.  It  was  subsequently  discovered  to  be  highly 
susceptible  to  stress  corrosion  and  exfoliation  in  marine 
environments  at  great  cost  to  aircraft  operators*.  As  a  result 
of  this  history  and  because  elemental  lithium  is  extremely 
reactive,  there  has  been  considerable  interest  in  the 
corrosion  susceptibility  of  aluminum-lithium  alloys.  A 
variety  of  accelerated  corrosion  tests^  and  standard 
electrochemical  techniques*’*  have  been  used  to  study  the 
corrosion  behaviour  of  Al-Li.  No  consistent  picture  of  the 
corrosion  resistance  of  these  alloys  has  yet  emerged. 
Although  there  is  general  agreement  that  localized  corrosion 
can  occur  in  these  alloys,  there  are  differences  of  opinion 
about  the  relative  susceptibilities  between  different  Al-Li 
alloys  and  with  respect  to  conventional  alloys’  *". 

The  Canadian  Department  of  National  Defence  had  been 
planning  to  acquire  a  new  helicopter  to  replace  its  existing 
Sea  King  and  Labrador  fleets.  The  manufacturer  of  this 
helicopter  favoured  the  extensive  use  of  Al-Li  sheet, 
extruded  profiles  and  forgings.  In  order  to  acquire  some 
first  hand  experience  with  the  behaviour  of  these  alloys  in 
the  marine  environment,  the  Defence  Research 
Establishment  Pacific  (DREP)  subjected  panels  made  from 
AA  2090  and  8090  sheet,  along  with  2024  and  7075  sheet, 
to  several  tests  involving  exposure  to  sea  water  fog  and  full 
or  part  immersion  in  sea  water.  The  results  of  these  tests 
were  then  compared  with  the  results  of  a  new  technique 
developed  and  performed  by  the  Royal  Military  College  of 
Canada  for  the  analysis  of  electrochemical  impedance 
measurements  on  these  alloys  in  simulated  sea  water. 

ELECTROCHEMICAL  IMPEDANCE  SPECTROSCOPY 

In  recent  years,  electrochemical  impedance  spectroscopy 
(EIS)  has  found  increasing  use  in  the  investigation  of  the 
mechanisms  and  rates  of  corroding  systems.  The 
nondestructive  nature  of  the  test,  the  short  time  needed  to 
attain  reproducible  results  and  the  need  for  electrochemical 
monitoring  of  corrosion  processes  in  situ  have  all 
contributed  to  the  growing  acceptance  of  this  method. 

EIS  data  can  be  obtained  by  applying  a  small  sinusoidal 
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8-2 


current  signal  to  a  specimen  and  measuring  the  amplitude 
and  phase  shift  of  the  resulting  voltage.  For  many 
corroding  interfaces,  EIS  measurements  taken  over  a  wide 
range  of  frequencies  show  a  circular  arc  in  the  complex 
impedance  plane  when  the  real  and  imaginary  components 
are  plotted  against  each  other  in  a  Nyquist  plot"’'^  By 
examining  the  impedance  at  appropriate  frequencies, 
accurate  values  of  the  polarization  resistance  can  be 
determined.  Using  the  Stem-Geary  equation,  conosion 
rates  can  be  obtained  as  an  inverse  function  of  the 
polarization  resistance’’.  Li  many  systems  of  practical 
interest,  analysis  of  EIS  data  is  complicated  by  the  fact  that 
the  Nyquist  plots  exhibit  depression  below  the  real  axis,  and 
by  low  corrosion  rates  which  make  it  difficult  to  obtain 
reproducible  results  at  aU  frequencies.  Roberge  and  co- 
workers’'*'*  have  recently  developed  statistical  and 
geometric  analysis  techniques  that  have  overcome  these 
difficulties.  Their  procedure  yields  reliable  values  for  both 
the  polarization  resistance  and  the  angle  of  depression.  In 
a  recent  study  of  mild  steel  specimens  in  inhibited  sodium 
chloride  solutions,  they  were  able  to  obtain  overall 
corrosion  rates  from  the  polarization  resistance  and  to  show 
a  correlation  between  the  angle  of  depression  and  the  extent 
of  localized  corrosion  (pitting)’^. 

EXPERIMENTAL  PROCEDURE 

The  76  X  76  mm  panels  used  in  the  exposure  tests  were 
sheared  from  sheets  made  of  Aluminum  Alloys  2024-T3, 
2090-T8,  7075-T6  and  8090-T851.  Specimens  made  from 
AA  6061-T6,  an  alloy  commonly  used  in  marine 
applications,  were  included  in  the  exposure  tests  and  appear 
in  some  photographs  but  were  not  part  of  the  comparison 
with  electrochemical  experiments.  The  nominal 
compositions  of  these  alloys  are  shown  in  Table  1.  Both 
surfaces  of  each  panel  were  sanded  with  120  grit  silicon 
carbide  abrasive  paper  and  each  panel  was  then  fitted  with 
two  ceramic  multiple-crevice  washers  (designed  according 
to  ASTM  G78)  that  were  held  in  place  with  a  #12  stainless 
steel  nut  and  bolt  assembly  that  passed  through  a  6.3  mm 
central  hole.  Each  bolt  was  fitted  through  plastic  tubing  to 
prevent  contact  with  the  aluminum  panel.  Each  washer 
provided  twelve  separate  sites  for  initiation  of  crevice 
corrosion.  Each  panel  was  suspended  by  way  of  a  plastic- 
coated  wire  that  was  passed  through  a  3  mm  hole  that  had 
been  drilled  in  one  comer  of  the  specimen. 

One  set  of  sp>ecimens  was  exposed  to  a  sea  water  fog  at 
35“C  for  four  months  in  an  Atlas  SF850  Corrosive  Fog 
Exposure  System.  The  exposure  was  conducted  according 
to  ASTM  B117  with  the  exception  that  natural  sea  water 
was  used  to  generate  the  fog  instead  of  the  standard  sodium 
chloride  solution. 

The  remaining  specimens  were  suspended  in  sea  water  that 
was  drawn  from  the  Strait  of  Juan  de  Fuca  and  directed 
through  a  tank  measuring  16  X  62  x  177  cm.  The  sea 
water  flowed  past  any  specimen  immersed  in  it  at  a  rate  of 
1  cm/sec  and  was  then  returned  to  the  Strait  40  m  from  the 


intake.  The  water  temperature  in  this  location  is  within  the 
range  7-1 1°C  throughout  the  year.  One  set  was  suspended 
in  a  single  row  perpendicular  to  the  direction  of  flow  so 
that  one  half  of  the  specimen  was  under  water.  A  second 
set  was  suspended  in  a  single  row  1  m  downstream  from 
the  first  so  that  the  entire  specimen  was  immersed. 

All  specimens  were  removed  after  an  exposure  time  of  four 
months.  Afro-  the  specimens  were  dismantled  the 
aluminum  panels  were  cleaned  by  immersion  in 
concentrated  nitric  acid.  They  were  then  rinsed  with 
distilled  water  and  allowed  to  dry  after  a  final  rinse  with 
ethanol.  Sections  were  cut  from  the  panels  and  set  in 
epoxy  according  to  standard  metallographic  techniques  in 
an  effort  to  determine  the  depth  of  corrosion  that  had  been 
initiated  at  the  edges  of  the  specimens. 

The  EIS  specimens  were  cut  to  appropriate  sizes  for 
mounting  in  epoxy.  The  samples  were  mounted  in  a 
manner  that  would  expose  only  one  of  each  of  three 
orthogonal  planes  that  were  parallel  and/or  perpendicular  to 
the  roUing  direction  of  the  sheet.  Henceforth,  these 
exposed  planes  will  be  called  the  rolled  surface,  the  long 
transverse  edge  (perpendicular  to  the  rolled  surface  and 
containing  the  rolling  direction)  and  the  short  transverse 
edge  (perpendicular  to  both  the  rolled  surface  and  the 
rolUng  direction),  respectively.  Prior  to  mounting, 
provisions  were  made  for  electrical  connection  to  the 
unexposed  back  of  the  samples  and  the  unexposed  edges 
were  coated  with  an  aluminum-vinyl  anticorrosive  paint  to 
prevent  crevice  corrosion  between  the  epoxy  mount  and  the 
aluminum  electrodes.  After  mounting,  the  specimens  were 
polished  (using  240,  400  and  finally  600  grit  papers)  and 
cleaned  with  dichloromethane  and  acetone. 

For  each  experiment,  a  pair  of  identical  aluminum 
specimens  (same  alloy  and  same  exposed  face)  were 
immersed  in  a  2  I  beaker  containing  a  solution  of  3% 
sodium  chloride  for  14  days.  Each  cell  was  equipped  with 
an  air  purge  and  a  saturated  calomel  reference  electrode 
brought  into  close  proximity  with  one  electrode  by  a  Luggin 
probe.  The  mounted  specimens  were  separated  by  2.5  mm 
and  kept  in  a  stable  parallel  position  with  plastic  holders. 

Electrochemical  impedance  measurements  were  performed 
with  a  commercial  generator/analyzer  (Solartron  Model 
1255)  at  the  corrosion  potential  and  always  taken  in  the 
direction  of  decreasing  frequency.  A  potentiostat  was  not 
used  in  these  measurements.  The  alternating  current  was 
applied  between  the  two  aluminum  electrodes  and  kept  at 
a  value  which  would  not  cause  more  than  10  mV  difference 
(peak  to  peak)  across  the  cell.  The  reference  electrode 
served  only  to  measure  electrochemical  potential  noise, 
which  was  independently  monitored  between  EIS 
measurements.  A  custom-made  multiplexer  directed  the 
inputs  from  each  technique.  The  measurements  could  be 
performed  automatically  for  up  to  eight  cells  in  any  order 
and  in  time  intervals  specified  by  the  user.  Polarization 
resistance  values  (R^)  were  determined  automatically  during 
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experiments  and  the  data  were  analyzed  for  their  deviations 
from  the  semi-circle  of  a  Nyquist  representation. 

At  the  completion  of  these  experiments,  the  specimens  were 
removed  and  examined  with  both  optical  and  scanning 
electron  microscopy  to  observe  any  differences  in  corrosion 
morphologies. 

Finally,  two  new  sets  of  2090  panels  were  subjected  to  full 
immersion  in  sea  water  for  three  months.  One  set  was 
prepared  with  sheared  edges  like  those  used  in  the  earlier 
long  term  exposure  tests  while  the  edges  of  the  other  set 
were  polished  using  progressively  finer  grit  papers  ranging 
from  80  to  600  grit  This  procedure  resulted  in  the  removal 
of  approximately  0.4  mm  of  material  from  each  edge  and 
produced  a  surface  similar  to  that  used  in  the  EIS 
experiments. 

RESULTS  AND  DISCUSSION 
Long  Term  Exposures 

A  summary  of  the  results  of  the  long  term  exposures  is 
shown  in  Table  2.  After  the  exposure  to  the  sea  water  fog, 
crevice  corrosion  had  initiated  under  one  site  on  the  8090 
alloy.  Some  minor  corrosion  was  also  observed  along 
rolling  marks  that  became  visible  after  the  exposure.  Deep 
pits  were  observed  on  the  surface  of  the  2024  alloy,  which 
also  suffered  crevice  corrosion  under  six  of  the  twenty-four 
initiation  sites ,  with  three  of  these  sites  showing  substantial 
penetration.  Deep  pits  were  also  observed  on  the  surface  of 
the  2090  alloy  but  crevice  corrosion  had  not  been  initiated. 
Pitting  had  occurred  on  the  surface  of  the  7075  alloy  as 
well,  but  the  depth  of  attack  was  not  as  severe  as  that 
which  occurred  on  either  the  2090  or  2024  alloy.  This 
observation  was  consistent  with  the  higher  copper 
concentration  present  in  the  2000-series  alloys.  Crevice 
corrosion  was  observed  under  one  initiation  site  on  the  7075 
alloy. 

In  all  cases,  the  specimens  that  were  completely  immersed 
in  sea  water  showed  a  reduction  in  the  intensity  (depth  of 
penetration)  of  corrosion,  if  any,  in  the  crevices  from  that 
observed  in  the  sea  water  fog  exposures.  This  suggests  that 
the  corrosion  that  occurred  in  the  crevices  in  the  fog 
exposures  was  more  a  result  of  moisture  retention  in  the 
crevices  than  a  result  of  mechanisms  such  as  differential 
aeration  that  are  normally  associated  with  crevice  corrosion. 
The  rolled  surface  of  the  8090  sheet  showed  selective 
corrosion,  without  deep  pits,  that  etched  the  surface  in  a 
manner  which  served  to  highlight  the  rolling  direction  of 
the  sheet  without  causing  much  metal  loss.  Corrosion  of 
the  surface  of  the  2024  alloy  was  characterized  by  a  large 
number  of  deep  pits.  Corrosion  of  the  2090  alloy  occurred 
in  the  form  of  a  smaller  number  of  broad  pits  that  were 
scattered  over  the  surface.  The  number  and  severity  of 
these  pits  increased  near  the  edges  of  the  panel.  The 
surface  of  the  7075  alloy  was  characterized  by  a  larger 
number  of  pits  than  the  2090,  with  the  average  pit  on  the 


7075  having  a  smaller  surface  area. 

The  partial  immersion  test  presented  the  toughest  challenge 
to  the  alloys  because  the  air/water  interface  created  the 
possibility  of  differential  aeration  cells  resulting  from 
changing  oxygen  concentrations  as  a  function  of  distance 
from  the  interface.  In  all  cases,  the  interface  was  near  the 
central  hole.  The  rolled  surface  of  the  8090  sheet  suffered 
the  least  corrosion  under  these  circumstances.  In  addition 
to  the  corrosion  of  the  immersed  surface  described 
previously,  several  isolated  but  deep  pits  were  observed  at 
the  air/water  interface,  as  shown  in  Figure  1.  Corrosion  of 
the  wetted  area  of  the  2024  sheet  was  as  severe  as 
previously  described  but  no  additional  corrosion  was 
attributed  to  the  presence  of  the  air/water  interface 
(Figure  2).  The  2090  alloy  surface  appeared  as  before,  with 
the  addition  of  extensive  corrosion  at  and  just  above  the 
air/water  interface  (Figure  3).  In  this  case  the  corrosion 
products  produced  at  the  interface  crept  up  the  panel, 
bringing  along  sea  water  by  capillary  action.  The  resulting 
"poultice"  produced  an  excellent  environment  for  the 
corrosion  that  ensued.  A  similar  phenomenon  was  observed 
on  the  7075  sheet  (Figure  4). 

The  extent  and  type  of  corrosion  on  the  edges  of  the 
exposed  panels  were  often  quite  different  than  those  found 
on  the  rolled  surfaces.  The  8090  panel  exhibited  one  large 
pit  on  one  of  the  edges  but  was  essentially  unattacked 
elsewhere.  The  edges  of  the  2024  panel  exhibited  two  pits, 
one  of  which  had  initiated  on  the  edge  while  the  other  was 
associated  with  a  pit  on  the  rolled  surface.  Large  cracks 
were  observed  on  the  edges  of  the  7075  panel.  These 
cracks  are  consistent  with  the  development  of  intergranular 
cracking,  to  which  7075  is  known  to  be  susceptible.  The 
edges  of  the  2090  and  6061  panels  were  essentially 
unaffected  by  the  fog  exposure. 

The  8090  panel  that  was  completely  immersed  in  sea  water 
exhibited  only  superficial  corrosion  on  the  rolled  surfaces, 
while  being  severely  attacked  on  the  edges  in  a  manner 
consistent  with  the  selective  corrosion  often  associated  with 
intergranular  cracking.  This  observation  was  confirmed  by 
metallographic  examination,  which  showed  extensive 
intergranular  cracking  associated  with  the  corrosion  that  had 
been  initiated  on  the  edge.  The  2024  panel  was  severely 
corroded  along  the  edges,  with  a  combination  of  pitting  of 
the  edge  and  selective  attack.  No  evidence  of  intergranular 
cracks  associated  with  this  corrosion  could  be  found. 

The  6061  panel  showed  some  pitting  along  both  edges. 
Although  6061  is  known  to  be  susceptible  to  shallow  pitting 
in  sea  water,  the  observed  intensity  of  attack  was  somewhat 
surprising.  This  was  attributed  to  copper  ions  which  plated 
out  of  the  sea  water  after  being  introduced  into  it  from  the 
corroding  2000-series  alloys  in  the  partial  immersion  test 
that  was  conducted  1  m  upstream.  This  hypothesis  is 
supported  by  the  lack  of  pitting  observed  on  the  6061  panel 
in  the  partial  immersion  test  In  this  case  the  copper  ions 
released  from  the  2000-series  alloys  were  carried 
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downstream  before  they  could  affect  the  6061  panel. 

Metal  loss  on  the  edges  of  the  2090  panel  was  primarily 
associated  with  pits  that  occurred  on  the  rolled  surfaces. 
Several  pits  that  aj^ared  to  have  been  formed  in  the  centre 
of  an  edge  were  actually  found  to  be  part  of  a  larger  pit 
that  had  initiated  on  the  rolled  surface  and  then  undercut 
the  surface  until  they  became  visible  again  at  an  edge.  One 
"crack"  was  found  which  did  appear  to  have  been  initiated 
at  the  edge  of  the  specimen.  MetaUographic  examination 
revealed  intergranular  cracks  at  the  base  of  the  pit  that 
resulted  from  the  corrosion  at  this  site.  The  7075  panel 
showed  virtually  no  corrosion  along  one  edge  and  severe 
selective  attack  along  each  of  the  other  three  edges.  The 
lack  of  corrosion  of  the  one  edge  was  considered  to  be 
anomalous  as  7075  is  known  to  be  susceptible  to  corrosion 
in  sea  water'®.  This  conclusion  was  supported  by  the 
observation  of  corrosion  on  all  four  edges  of  the  salt  fog 
specimens,  which  were  exposed  to  a  less  aggressive 
environment  than  full  immersion.  Evidence  of  extensive 
intergranular  cracking  was  also  found  on  this  specimen. 

Figure  5  shows  one  of  the  edges  of  the  panels  that  were 
partially  immersed  in  sea  water.  The  edge  shown  in  this 
photograph  was  completely  immersed  in  the  sea  water  and, 
except  for  the  observation  that  the  7075  panel  showed 
selective  attack  along  both  immersed  edges  and  the  absence 
of  corrosion  on  the  6061  panel  as  discussed  previously, 
appeared  similar  to  those  of  the  specimens  that  had  been 
completely  immersed.  One  of  the  edges  of  the  7075  panel 
showing  selective  attack  was  the  corresponding  edge  to  the 
one  which  did  not  corrode  in  the  full  immersion  exposure, 
adding  support  to  our  treatment  of  the  edge  that  did  not 
corrode  as  anomalous. 

The  effects  of  shearing  or  polishing  the  edges  of  the  AA 
2090-T8  panels  after  immersion  in  sea  water  for  4  months 
are  shown  in  Figine  6.  These  effects  are  discussed  in  more 
detail  in  the  section  on  the  results  of  EIS. 

Electrochemical  Impedance  Spectroscopy 

The  average  corrosion  rates,  determined  from  the 
polarization  resistance  measurements,  and  the  average 
depression  angles  for  each  face  of  each  alloy  are  shown  in 
Table  3.  According  to  the  polarization  resistance  data,  the 
8090  alloy  showed  roughly  equal  corrosion  rates  for  all 
three  faces.  With  the  assumption  that  the  angle  of 
depression  increases  with  increased  pitting,  the  EIS  data 
indicated  that  the  rolled  siuface  of  the  8090  had  the  lowest 
pitting  rate,  followed  by  the  long  transverse  edge  and  the 
short  transverse  edge,  which  had  the  highest  rate. 
Examination  of  the  surfaces  of  the  EIS  specimens  with 
optical  and  scanning  electron  microscopy  suggested  that  the 
correlation  between  angle  of  depression  and  pitting  rate 
involved  the  number  of  pits  formed  in  any  given  area  (pit 
density)  rather  than  the  pit  depth  (Figure  7).  The  low 
pitting  rate  suggested  by  EIS  for  the  rolled  surface  was 
consistent  with  visual  observation  of  the  long  term  exposure 


panels.  However,  the  approximate  equivalence  of  the 
corrosion  rates  for  all  three  faces  was  not.  If  the 
interpretation  of  the  EIS  data  is  correct,  the  corrosion  of  the 
rolled  surface  must  occur  at  this  high  rate  during  the  initial 
14  days  in  which  EIS  data  was  collected,  but  then  fall  to  a 
very  low  value  over  the  longer  term.  The  polarization 
resistance  data  for  the  2024-T3  alloy  showed  a  pronounced 
difference  in  overall  corrosion  rate  between  its  rolled 
surface  and  its  edges,  with  the  edges  having  consistently 
higher  rates.  A  similar  trend  was  observed  for  the  angle  of 
depression,  the  average  of  which  would  fall  to  about  13° 
without  the  data  points  collected  in  the  first  50  hours. 
These  results  are  consistent  with  observations  made  on  the 
long  term  exposure  panels,  which  were  characterized  by  a 
higher  density  of  localized  corrosion  sites  on  the  edges. 

On  the  basis  of  the  EIS  data,  the  conclusion  would  be 
reached  that  the  edges  of  the  8090-T851  alloy  had  lower 
overall  corrosion  rates  and  were  less  prone  to  pitting  than 
their  2024-T3  counterparts.  The  edges  of  the  8090  long 
term  exposure  panels  had  substantial  areas  where  no  visible 
corrosion  occurred.  This  could  be  consistent  with  the  lower 
overall  corrosion  rates  and  lower  pitting  density  suggested 
by  EIS  in  comparison  with  2024.  However,  the  depth  of 
attack  within  each  pit  was  as  large  or  larger  than  a 
corresponding  pit  on  2024.  Thus  the  rate  of  corrosion 
within  a  pit  was  as  least  as  severe  for  8090  as  for  2024. 
EIS  alone  gave  no  indication  of  this  phenomenon,  which 
was  also  observed  on  the  EIS  specimens  when  they  were 
examined  after  they  were  removed  from  the  electrochemical 
cell.  The  polarization  resistance  values  for  the  rolled 
surfaces  of  the  8090  and  2024  were  approximately  equal. 
This  result  does  not  correlate  with  the  appearance  of  the 
long  term  exposure  panels.  As  discussed  previously, 
corrosion  of  the  rolled  surface  of  the  8090  must  initially 
occur  at  a  high  rate,  but  then  fall  to  a  much  lower  value 
over  the  longer  term.  The  lower  pitting  density  suggested 
by  EIS  for  the  rolled  surface  of  the  8090  was,  however, 
consistent  with  visual  comparison  of  the  long  term  exposure 
panels. 

According  to  the  polarization  resistance  data,  the  rolled 
surface  of  the  2090-T8  specimens  had  a  lower  overall 
corrosion  rate  than  either  of  the  long  transverse  or  short 
transverse  edges,  which  were  themselves  corroding  at 
roughly  equal  rates.  The  rolled  surface  also  had  a  lower 
angle  of  depression  than  either  of  the  edges  throughout  the 
duration  of  the  experiment  As  with  the  8090  alloy,  the 
angle  of  depression  corresponds  well  with  the  number  of 
pits  found  on  these  surfaces  at  the  end  of  the  experiment. 
This  does  not  however,  correlate  with  the  corrosion 
observed  on  the  long  term  exposure  panels.  As  previously 
discussed,  most  of  the  corrosion  of  the  edges  of  these 
panels  was  associated  with  pits  that  had  developed  on  the 
rolled  surfaces.  We  postulated  that  this  inconsistency 
between  EIS  and  long  term  exposure  experiments  could  be 
caused  by  the  different  methods  of  preparation  of  the  edges. 
The  exposed  surfaces  of  the  EIS  specimens  were  cut  and 
then  polished  whereas  the  original  long  term  exposure 
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panels  had  been  sheared.  The  edges  of  these  panels  did  not 
receive  any  subsequent  preparation.  The  appearance  of  the 
edges  of  the  two  sets  of  2090  specimens  that  were  fully 
immersed  in  sea  water  for  three  months  support  this 
hypothesis.  The  polished  edges  showed  pitting  that  had 
been  initiated  on  the  edges  while  most  of  the  corrosion  of 
the  sheared  edges  was  associated  with  pits  that  had 
developed  on  the  rolled  surfaces  (Figure  6).  Furthermore, 
the  greatest  depth  of  corrosion  attack  on  the  rolled  surfaces 
of  the  panels  with  sheared  edges  occurred  immediately 
adjacent  to  those  edges.  A  similar  phenomenon  was  not 
observed  on  the  specimens  with  polished  edges.  Thus  the 
cold  work  associated  with  shearing  appeared  to  reduce  the 
initiation  of  corrosion  on  the  edges.  This  conclusion  was 
supported  by  the  corrosion  observed  around  the  identifying 
numbers  that  had  been  scratched  into  the  rolled  surfaces. 
The  numbers  themselves  suffered  no  corrosion  while  the 
surrounding  surfaces  had  been  preferentially  corroded  to  the 
extent  that  the  depressions  created  by  the  scratches  became 
higher  than  the  adjacent  material.  Slife'  also  postulated  that 
cold  work  could  have  an  effect  on  the  corrosion  rate  of 
AA2090. 

The  corrosion  rate  determined  by  polarization  resistance  for 
the  rolled  surface  of  the  7075  was  higher  than  that 
measured  for  the  edges.  This  was  not  consistent  with  the 
appearance  of  the  long  term  panels,  which  suffered  more 
metal  loss  along  the  edges  than  the  rolled  surface.  The 
angle  of  depression  data  indicated  that  the  rolled  surface  of 
the  7075  had  the  lowest  pitting  density,  while  the  tong 
transverse  and  short  transverse  edges  had  higher  rates. 
These  results  did  correlate  very  well  with  the  long  term 
exposure  tests,  in  which  the  edges  did  indeed  suffer  much 
worse  localized  attack. 

According  to  the  polarization  resistance  data,  the  rolled 
surface  of  the  2090  alloy  had  a  consistently  lower  corrosion 
rate  than  the  same  surface  of  the  7075.  This  did  not  appear 
to  be  consistent  with  the  long  term  exposure  tests,  in  which 
corrosion  damage  seemed  to  be  more  extensive  on  the 
surface  of  the  2090  alloy.  On  the  other  hand,  the 
polarization  resistance  data  suggested  that  the  edges  of  the 
2090  were  only  slightly  more  corrosion  resistant  than  the 
7075  edges.  Once  again,  this  did  not  ^pear  to  be 
consistent  with  visual  observation  of  the  long  term  exposure 
panels.  In  this  case,  the  edges  of  the  2090  panels,  whether 
sheared  or  polished,  suffered  noticeably  less  corrosion  than 
their  7075  counterparts.  The  angle  of  depression  data 
indicated  that  the  pit  density  should  be  lower  on  the  rolled 
surface  of  the  2090  than  the  7075  and  that  the  pit  density 
should  be  much  lower  on  the  edges  of  the  2090  than  the 
7075.  These  results  are  completely  consistent  with  the 
appearance  of  the  long  term  exposure  panels.  As  was  the 
case  for  the  comparison  between  the  8090  and  2024  alloys, 
the  angle  of  depression  data  for  the  2090  and  7075  alloys 
provided  a  better  correlation  with  the  long  term  exposure 
tests  than  the  polarization  resistance  measurements. 
However,  as  in  the  case  of  the  8090  alloy,  the  correlation 
involved  only  the  pit  density,  not  the  rate  of  attack  within 


each  pit  (Figure  8). 

CONCLUSIONS 

The  long  term  exposure  tests  indicated  that  the  rolled 
surfaces  of  the  8090-T851  sheet  were  more  resistant  to 
corrosion  than  the  conventional  2024-T3  sheet  Except  for 
some  pits  which  developed  at  an  air/water  interface,  these 
surfaces  suffered  only  minor  corrosion  which  highlighted 
rolling  marks  in  the  8090  sheet.  Although  this  material  did 
suffer  conosion  under  one  crevice  in  the  exposure  to  sea 
water  fog,  the  attack  was  less  severe  than  that  observed  on 
the  2024.  However,  the  8090  experienced  severe  localized 
attack  along  edges  that  were  immersed  in  sea  water.  A 
smaller  proportion  of  the  surface  area  of  the  8090  edges 
was  attacked  than  of  the  2024,  but  the  depth  of  attack 
within  a  corroding  area  was  at  least  as  severe  as  for  2024. 

The  corrosion  rate  determined  by  polarization  resistance  for 
the  rolled  surface  of  8090  appeared  to  be  much  higher,  in 
relation  to  the  edges  and  to  the  rolled  surface  of  the  2024, 
than  that  observed  on  the  long  term  exposure  panels. 
Examination  of  the  EIS  specimens  with  optical  and 
scanning  electron  microscopy  suggested  that  a  correlation 
existed  between  the  angle  of  depression  and  the  number  of 
pits  in  a  given  area.  Conclusions  drawn  from  the  angle  of 
depression  data  were  consistent  with  the  appearance  of  the 
long  term  specimens. 

Evidence  of  intergranular  corrosion  was  not  found  on  the 
2024  specimens.  Severe  intergranular  cracking  was  found 
to  be  associated  with  the  pitting  initiated  at  the  edges  of  the 
8090  alloy.  Unless  care  is  taken  to  seal  the  edges  of 
components  made  from  8090-T851  and  to  deny  access  of 
sea  water  to  crevices,  then  corrosion  failures  can  be 
expected  to  occur  even  though  exposed  surfaces  of  the  alloy 
may  appear  undamaged. 

The  long  term  exposure  tests  indicated  that  the  rolled 
surfaces  of  the  2090-T8  sheet  suffered  as  much  or  more 
corrosion  damage  than  their  counterparts  on  the  7075-T6 
sheet  Some  fmly  deep  pits  occurred  on  the  roUed  surfaces 
of  the  2090,  even  in  the  exposure  to  sea  water  fog.  This 
result  was  not  surprising,  given  the  higher  copper 
concentration  in  the  2090  alloy.  However,  increased 
corrosion  was  not  observed  under  the  crevice  initiation  sites 
and  localized  corrosion  was  substantially  reduced  along  the 
edges.  Both  alloys  showed  extensive  corrosion  under  a 
poultice  of  corrosion  products  at  the  air/water  interface  in 
the  partial  immersion  test  Intergranular  cracking  was 
observed  at  the  base  of  a  pit  on  the  edge  of  a  2090  panel, 
while  extensive  intergranular  cracking  was  found  on  the 
7075  panels.  Such  cracking  can,  of  course  lead  to  structural 
weakness  without  much  visible  corrosion.  Thus,  the  2090 
alloy  does  appear  to  offer  some  advantages  over  7075-T6 
sheet  Corrosion  initiated  at  edges,  whether  pitting  or 
intergranular  cracking,  is  very  difficult  to  detect  on  an 
aircraft  structure.  The  2090  sheet  appears  to  be  more 
resistant  to  corrosion  at  the  edges  than  the  7075.  Corrosion 
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of  the  rolled  surfaces  of  the  2090  sheet  can  easily  be 
controlled  by  the  proper  application  of  protective  coatings. 

The  angle  of  depression  data  was  found  to  correlate  well 
with  the  pit  density  observed  on  the  rolled  surface  and 
edges  of  the  2090  EIS  specimens,  but  not  with  the  long 
term  exposure  panels.  Additional  tests  suggested  that  the 
corrosion  resistance  of  the  edges  of  the  long  term  panels 
was  due,  in  part,  to  cold  work  associated  with  shearing. 
Nonetheless,  even  the  edges  of  cut  and  polished  specimens 
of  2090  showed  much  less  corrosion  than  their  7075 
counterparts.  As  was  the  case  for  the  8090  alloy,  the 
polarization  resistance  data  suggested  a  higher  corrosion 
rate  for  the  rolled  surface  of  the  7075  than  that  observed  in 
the  long  term  exposure  tests.  However,  the  angle  of 
depression  data  correlated  very  well  with  the  apjrearance  of 
the  long  term  panels.  Furthermore,  conclusions  ckawn  from 
the  angle  of  dep-ession  data  on  the  comparative  behaviour 
of  the  2090  and  7075  alloys  were  completely  consistent 
with  those  drawn  from  the  appearance  of  the  long  term 
panels. 

Because  the  polarization  resistance  measurements  resulted 
in  corrosion  rates  for  the  rolled  surfaces  of  8090  and  7075 
that  were  too  high  in  relation  to  their  edges  and  to  the 
alloys  against  which  they  were  compared,  the  angle  of 
depression  of  the  Nyquist  plots  provided  a  better  correlation 
with  visual  observations  of  the  long  term  exposure  panels. 
However,  the  EIS  measurements  were  aj^arently  insensitive 
to  the  existence  of  intergranular  cracking  and  to  the  rate  of 
corrosion  within  a  pit  Thus,  EIS  can  be  a  useful  technique 
for  rapidly  assessing  the  relative  corrosion  resistance  of 
different  aluminum  alloys  but  cannot  be  used  in  isolation  to 
completely  characterize  the  corrosion  resistance  of  an  alloy. 
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Table  1.  Nominal  composition  of  alloys  tested,  wt-% 


Alloy 

Li 

Cu 

Mg 

Si 

Fe 

Mn 

Zn 

Zr 

2024 

- 

3.8-4.9 

1.2-1.8 

0.5 

0.5 

0.3-0.9 

0.25 

- 

2090 

1.9-2.6 

2.4-3.0 

0.25 

0.1 

0.12 

0.05 

0.1 

0.08-0.15 

6061 

- 

0.15-0.40 

0.8-1.2 

0.4-0.8 

0.7 

0.15 

0.25 

- 

7075 

- 

1. 2-2.0 

2.1-2.9 

0.4 

0.5 

0.3 

5.1-6.1 

- 

8090* 

2.35 

1.23 

0.67 

0.02 

0.03 

0.001 

0.02 

0.11 

Note  a;  Actual  heat  analysis  for  the  material  supplied  by  ALCAN 


Table  2.  Results  of  long  term  exposure  tests. 


8090-T851 


Salt  Fog 


1  site 


many  deep  pits 


Total  Immersion 


rolled  minor  selective  corr. 

surface 


edges  severe  selective  attack 

(cracking) 


Partial  Immersion 
(air/water  interf.) 


a  few  deep  pits 


rolled 

surface 


rolled 

surface 


6  sites 


deep  pits 


no  attack 


many  deep  pits 


severe  pitting  and 
selective  attack 


no  additional  corrosion 


rolled 

surface 


rolled 

surface 


broad  pits 


pits  initiated  on 
rolled  surface 


extensive  "poultice" 
corrosion 


rolled 

surface 


shallow  pits 


large  cracks 


1  site 


rolled 

surface 


many  small  pits 


severe  selective  attack 


extensive  "poultice" 
corrosion 


Table  3.  Average  corrosion  rates  from  polarization  resistance  measurements  and  average  depression  angles  during  14  days  of 
exposure. 


Corrosion  Rate  (mm/y)  Angle  of  Depression  (degrees) 


Alloy 

Face 

8090-T851 

Rolled  Surface 

Long  Transverse 

Short  Transverse 

2024-T3 

Rolled  Surface 

Long  Transverse 

Short  Transverse 

2090-T8 

RoUed  Surface 

Long  Transverse 

Short  Transverse 

7075-T6 

Rolled  Surface 

Long  Transverse 

Short  Transverse 

Appearance  of  AA  8090-T851  panel  after  partial  immersion  in  sea  water  for  four  months.  The  air/water  interface  was 
near  the  top  of  the  central  hole. 


Figure  2.  Appearance  of  AA  2024-T3  panel  after  partial  immersion  in  sea  water  for  four  months.  The  air/water  interface  was 
near  the  top  of  the  central  hole. 
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Figure  4.  Appearance  of  AA  7075-T6  panel  after  partial  immersion  in  sea  water  for  four  months.  The  air/water  interface  was 
near  the  top  of  the  central  hole. 
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Figure  5.  Appearance  of  the  edges  of  the  aluminum  panels  partially  immersed  in  sea  water  for  four  months.  These  edges  were 
completely  immersed  throughout  the  test  From  top  to  bottom:  (i)  8090-7851,  (ii)  7075-T6,  (iii)  6061-T6,  (iv)  2090-T8 
and  (v)  2024-T3. 


Figure  6.  Appearance  of  the  edges  of  the  AA  2090-T8  panels  after  immersion  in  sea  water  for  four  months.  The  top  panel  has 
sheared  edges  while  the  edges  of  the  lower  panel  were  polished. 


(b) 


Figure  7.  Micrographs  of  two  surfaces  of  AA  8090-T851  at  the  end  of  the  EIS  experiments,  (a)  Rolled  surface,  (b)  Long 
transverse  edge.  lCX)x. 
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Figure  8.  Scanning  electron  microgr^hs  of  short  transverse  edges  after  EIS  experiments  for:  (a)  2090-T8  (b)  7075-T6.  700x. 
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1  SUMMARY 

In  recent  years,  aircraft  operators  have  been  driven  to 
increased  use  of  Non-Destructive  Evaluation  (NDE)  to 
ensure  airworthiness  during  life  extensions  for  ageing 
aircraft  or  as  an  integral  part  of  a  damage  tolerant  lifing 
philosophy.  Major  airframe  static  and  fatigue  tests  are 
routinely  used  to  highlight  problem  areas  on  airframes 
where  design  limitations  or  changes  of  usage  may  lead 
to  early  failures.  The  results  of  such  tests  become 
progressively  less  reliable  as  the  age  of  the  airframe 
increases  and  the  operating  conditions  diverge  from 
those  under  which  the  tests  were  conducted.  Increased 
inspection,  whether  by  visual  or  other  means  is  usually 
the  only  alternative  to  wholesale  refurbishment  or 
replacement  of  aircraft  or  components.  Almost  all  of  the 
development  to  date  of  NDE  techniques  for  corrosion 
detection  and  characterisation  has  been  concentrated  on 
existing  airframe  materials,  principally  Aluminium 
alloys  and  steels.  The  current  capabilities  of  corrosion 
detection  techniques  will  be  reviewed  and  current 
research  aimed  at  areas  where  there  is  a  requirement  for 
improved  detection  capability  will  be  described.  New 
materials,  such  as  Polymer  Matrix  Composites,  will 
experience  different  types  of  "corrosive"  deterioration. 
The  capability  of  NDE  methods  to  detect  material 
degradation  in  new  composite  materials  will  be 
discussed.  Finally,  reliance  on  NDE,  choice  of  NDE 
technique  and  optimal  scheduling  of  inspections  all 
require  an  assessment  of  the  reliability  of  NDE  methods. 
It  will  be  shown  that  a  range  of  NDE  techniques  with 
differing  capabilities  and  characteristics  will  be  required 
to  ensure  compatibility  with  maintenance  schedules  if 
full  use  is  to  be  made  of  NDE  for  life  management  of 
structures  which  may  be  subject  to  corrosion. 

2  INTRODUCTION 

During  the  1950s  and  60s  when  many  of  the  aircraft 
which  are  currently  in  service  were  initially  designed, 
corrosion  was  not  viewed  as  a  serious  life-limiting 
factor.  During  this  period  most  aircraft  were  replaced  in 
service  due  to  technical  obsolescence.  A  few  types  had 
to  be  prematurely  retired  when  design  limitations  led  to 
unexpected  fatigue  problems. 


The  last  20  years  or  so  have  seen  a  change  in  this 
picture.  In  both  the  civil  and  military  fields,  technical 
improvements  to  airframes  has  slowed  down, 
becoming  evolutionary  rather  than  revolutionary. 
Existing  airframes  are  retained  in  service  on  economic 
grounds.  The  cost  of  renovating  the  airframe, 
replacing  and  modernising  engines  and  avionics,  is 
substantially  less  than  the  investment  required  to 
replace  the  aircraft,  while  incurring  only  a  limited 
performance  penalty. 

In  recent  years,  aircraft  operators  have  been  driven  to 
increased  use  of  Non-Destructive  Evaluation  (NDE)  to 
ensure  airworthiness  during  life  extensions  for  ageing 
aircraft  or  as  an  integral  part  of  a  damage  tolerant 
lifing  philosophy.  Major  airframe  static  and  fatigue 
tests  are  routinely  used  to  highlight  problem  areas  on 
airframes  where  design  limitations  or  changes  of 
usage  may  lead  to  early  failures.  The  results  of  such 
tests  become  progressively  less  reliable  as  the  age  of 
the  airframe  increases  and  the  operating  conditions 
diverge  from  those  under  which  the  tests  were 
conducted.  It  has  not  been  possible  to  incorporate  the 
environmental  effects  which  lead  to  corrosion  into 
major  airframe  fatigue  tests.  Clearly  this  represents  a 
major  limitation  in  the  use  of  fatigue  tests  to  predict 
damage  in  ageing  aircraft.  Increased  inspection, 
whether  by  visual  or  other  means  is  usually  the  only 
alternative  to  wholesale  refurbishment  or  replacement 
of  aircraft  or  components. 

Almost  all  of  the  development  to  date  of  NDE 
techniques  for  corrosion  detection  and  characterisation 
has  been  concentrated  on  existing  airframe  materials, 
principally  Aluminium  alloys  and  steels’.  In  section  2, 
current  capabilities  of  corrosion  detection  techniques 
will  be  discussed  along  with  ongoing  research  aimed 
at  areas  where  there  is  a  requirement  for  improved 
detection  capability. 

New  materials,  such  as  Polymer  Matrix  Composites, 
are  coming  into  service  on  the  most  recent  types  of 
civil  and  military  aircraft.  These  materials  do  not 
undergo  the  same  corrosion  processes  which  affect 
metals,  nevertheless  it  is  possible  that  they  will 
experience  different  types  of  "corrosive"  deterioration. 
The  capability  of  NDE  methods  to  detect  material 
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degradation  in  such  composite  materials  will  be 
discussed  in  section  3.  Finally,  reliance  on  NDE,  choice 
of  NDE  technique  and  optimal  scheduling  of  inspections 
all  require  an  assessment  of  the  reliability  of  NDE 
methods.  In  section  4  the  effect  of  the  reliability  of 
NDE  methods  on  inspection  intervals  will  be  discussed 
briefly.  It  will  be  shown  that  a  range  of  NDE  techniques 
with  differing  capabilities  and  characteristics  will  be 
required  to  ensure  compatibility  with  maintenance 
schedules  if  full  use  is  to  be  made  of  NDE  for  life 
management  of  structures  which  may  be  subject  to 
corrosion. 


3  CORROSION  DETECTION  IN 

TRADITIONAL  AIRCRAFT  MATERIALS 

3.1  Corrosion  problems  in  aircraft 

Corrosion  causes  problems  for  many  industries, 
particularly  power  generation,  oil  and  gas  drilling  and 
chemical  engineering.  NDE  methods  have  been 
developed  and  are  in  regular  use  for  corrosion  detection 
in  many  situations.  Various  techniques  are  also  used  for 
monitoring  corrosion  rates  as  a  guide  to  repair  and 
maintenance  scheduling^’^. 

The  aircraft  industry  poses  several  unique  problems  in 
corrosion  detection.  The  most  pressing  problems  have 
been  highlighted,  since  the  Aloha  incident  in  1988,  as 
the  occurrence  of  corrosion  in  multi-layer  structures 
such  as  lap  joints.  The  NDE  techniques  which  can  be 
used  to  detect  corrosion  in  such  structures  are 
constrained  by  the  need  to  be  able  to  distinguish 
between  indications  due  to  the  presence  of  corrosion  and 
effects  due  to  the  complex  structure.  In  other  industries, 
it  is  usually  sufficient  to  detect  corrosion  at  a  fairly 
advanced  stage  when  there  has  been  a  considerable  loss 
of  material.  In  the  case  of  aircraft  lap  joints,  and  many 
other  aircraft  corrosion  problems,  the  principal  concern 
is  that  the  presence  of  corrosion  will  promote  other 
types  of  damage.  This  means  that  the  corrosion  must  be 
detected  when  it  is  at  a  very  early  stage,  before  the  loss 
of  material  becomes  significant. 

The  two  features  which  distinguish  the  corrosion 
detection  requirements  for  aircraft  from  those  of  other 
industries  are  the  need  to  detect  corrosion  at  an  early 
stage  and  the  complexity  of  the  structures  which  have  to 
be  inspected.  These  effects  rule  out  many  of  the  simpler 
methods  which  have  proved  effective  in  cases  where  it 
is  only  necessary  to  detect  gross  corrosion  in  simple 
structures. 

3.2  Visual  inspection  as  a  search  tool 

Although  visual  inspection  is  not  always  counted  as  an 
NDE  technique,  it  is  one  of  the  primary  methods  for 
identifying  problem  areas  on  aircraft.  This  is  especially 
relevant  for  the  case  of  corrosion  where  there  is  no 


analogue  of  the  major  fatigue  test  to  highlight  problem 
areas.  Visual  inspection,  aided  by  the  use  of  suitable 
light  sources  to  highlight  surface  unevenness  is  used 
extensively  as  a  large  area  search  tool  to  detect 
corrosion  damage  around  fasteners.  When  corrosion 
occurs  within  an  aluminium  structure,  the  corrosion 
products  expand  to  approximately  three  times  the 
volume  of  the  original  material.  The  presence  of 
entrapped  corrosion  products  between  thin  layers  of 
the  structure  causes  deformation  of  the  skin  giving 
rise  to  a  characteristic  "quilting"  or  "pillowing"  effect 
around  the  fasteners.  In  extreme  cases  this  is  readily 
identifiable  but  at  an  earlier  stage  it  may  be 
ambiguous  and  the  inspection  then  depends  on  the 
judgement  of  the  inspector.  In  many  situations  by  the 
time  that  quilting  becomes  apparent  it  is  already  too 
late  to  effect  an  economical  repair. 

In  current  practice  NDE  techniques  other  than  visual 
inspection  are  only  employed  to  inspect  suspect  areas 
which  have  been  highlighted  by  either  visual 
inspection  or  fleet  experience  on  other  aircraft. 

3.3  NDE  techniques  for  detection  and 
characterisation 

Most  of  the  standard  NDE  methods  have  been  used  to 
detect  corrosion  under  some  set  of  circumstances'  '*. 
Since  aerospace  offers  a  wide  range  of  corrosion 
problems,  almost  all  NDE  techniques  can  find  an 
application.  The  most  important  corrosion  detection 
problems  all  require  early  detection  of  corrosion  at  or 
around  complicated  structural  elements  and 
considerations  of  structural  effects  and  required 
sensitivity  are  the  major  limitation  to  the  techniques 
which  can  be  employed. 

In  simple  situations  where  the  corrosion  occurs  in  a 
readily  accessible  layer  of  the  structure,  for  example 
in  the  outside  skin,  the  most  direct  measurement  of 
the  corrosion  damage  can  be  obtained  by  pulse-echo 
ultrasonic  measurements.  In  cases  of  severe  attack, 
ultrasonic  thickness  measurements  can  give  a 
quantitative  picture  of  the  remaining  material^  Where 
the  corrosion  is  at  a  very  early  stage,  the  loss  of 
material  may  not  be  measurable,  but  nevertheless  a 
reduction  in  the  reflected  amplitude  may  be 
detectable.  Ultrasonic  amplitude  measurements  are 
difficult  to  perform  accurately  and  repeatably.  Again 
this  is  not  a  problem  if  the  corrosion  is  severe,  but  it 
limits  the  sensitivity  of  the  technique  when  attempting 
to  distinguish  corrosion  in  its  early  stages.  Research  is 
currently  underway  to  examine  the  best  way  of 
interpreting  the  ultrasonic  amplitude  information  to 
develop  robust  algorithms  for  corrosion  measurement 
while  improving  the  sensitivity. 

Ultrasonic  methods  are  severely  hampered  by  the 
presence  of  interfaces  within  the  structure  as  these 
partially  reflect  the  incident  ultrasonic  signal.  In 
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adhesively  bonded  aluminium  structure  it  is  impractical 
to  inspect  beyond  the  second  metal  layer  and  even 
measurements  of  the  second  layer  properties  suffer  from 
reduced  sensitivity.  The  main  alternative  technique 
which  can  be  used  on  multi-layer  structure  is  eddy 
current  inspection.  Eddy  current  methods  do  not  give  a 
direct  measure  of  the  depth  of  corrosion  damage.  They 
are  sensitive  to  the  presence  of  any  conducting  material 
and  are  therefore  affected  by  the  presence  of  structural 
elements  which  can  cause  severe  complications  in 
interpretation.  The  use  of  an  imaging  system  can  help  to 
distinguish  between  structural  effects  and  damage. 
Detection  of  corrosion  in  a  single  layer  is 
straightforward.  The  sensitivity  depends  primarily  on  the 
layer  thickness  which  determines  the  frequency  which 
must  be  used.  Eddy  current  inspection  of  multi-layer 
systems  is  complicated  by  the  need  to  distinguish 
between  variations  in  thickness  of  the  metal  layers  due 
to  corrosion,  and  variations  in  the  thickness  of  the 
intervening  adhesive  or  sealant  layers.  Although  the 
latter  perturb  the  eddy  current  signals  they  are  of  no 
structural  significance. 

In  relatively  simple  two-layer  systems  the  effect  of 
inter-layer  spacing  variations  can  be  minimised  by  a 
careful  choice  of  frequency^.  For  more  complicated 
systems  it  is  necessary  to  use  a  more  sophisticated 
technique,  either  combining  the  data  at  several 
frequencies*’^*'^  or  using  pulsed  excitation’®.  Current 
research  programs  are  looking  at  the  possibilities  of 
using  these  advanced  techniques,  but  as  yet  they  are 
complicated  to  apply  and  little  use  has  been  made  of 
them  in  the  field. 

Radiography  has  been  used  for  corrosion  detection  for 
many  years.  The  two  types  of  radiography  which  may 
be  used  for  corrosion  detection  are  X  radiography  and 
neutron  radiography.  These  are  sensitive  to  different 
effects  and  have  quite  distinct  merits  and  limitations. 

X  rays  are  attenuated  by  matter  at  a  rate  which  is 
approximately  proportional  to  the  density  of  the 
material.  X  radiography  is  therefore  sensitive  to  the  total 
areal  density  of  the  material  through  which  the  X  rays 
propagate.  Where  there  has  been  appreciable  material 
loss  there  will  be  lower  attenuation  of  the  X  rays  and 
this  is  not  difficult  to  image.  The  highest  sensitivity  is 
obtained  by  using  the  lowest  energy  of  X  rays  which 
will  propagate  through  the  thickness  of  metal  to  be 
inspected.  Since  higher  energies  are  required  for  thicker 
structure,  the  sensitivity  decreases  as  the  thickness  of 
the  structure  increases.  The  technique  does  not  give  a 
quantitative  measure  of  the  material  loss,  although  it 
would  be  possible  to  provide  this  if  required.  The 
principal  problem  for  the  use  of  X  radiography  in 
aircraft  corrosion  problems  is  that  where  the  corrosion 
takes  place  between  layers  of  the  structure  the  corrosion 
products  may  be  retained  in  place.  Unlike  the  case  of 
material  loss,  retained  corrosion  products  cause  an 
increase  in  the  attenuation  of  X  rays.  This  can  be 


imaged*,  but  there  can  be  ambiguities  due  to  the 
presence  of  other  materials  and  this  limits  the 
sensitivity  of  the  technique. 

Unlike  X  rays,  beams  of  neutrons  are  very  weakly 
attenuated  by  the  metals  commonly  used  in  aircraft 
structure,  particularly  aluminium.  Neutrons  are, 
however,  strongly  absorbed  and  scattered  by 
hydrogen.  Since  corrosion  products  contain  a  large 
proportion  of  hydrogen,  a  neutron  radiograph  gives  an 
image  of  the  corrosion  products*".  Since  the  neutron 
beam  is  barely  attenuated  by  the  aluminium,  it  is 
possible  to  penetrate  thick  pieces  of  structure  without 
a  significant  loss  of  sensitivity.  Unfortunately  the 
neutrons  are  sensitive  only  to  the  presence  of 
particular  elements,  not  to  the  compounds  in  which 
they  are  contained.  Any  source  of  hydrogen  will 
therefore  show  up  on  the  neutron  radiograph.  This 
severely  restricts  the  usefulness  of  neutron 
radiography  for  inspection  of  aircraft.  There  are  many 
other  sources  of  hydrogen  including  moisture,  fiiel  and 
oil  residues,  sealants,  adhesives,  paint  and  even  dirt. 
These  can  all  cause  indications  on  neutron  radiographs 
which  can  obscure  the  presence  of  corrosion.  The 
difficulty  in  distinguishing  corrosion  products  from 
other  hydrogenous  materials  has  largely  prevented  the 
use  of  neutron  radiography  for  corrosion  detection, 
although  it  has  been  used  with  success  to  detect  water 
ingress.  A  second  limiting  factor  is  the  high  cost  of 
providing  the  specialised  facilities  required. 

Various  other  techniques,  including 
thermography’^''*'''’  '*,  optical  methods  and  acoustic 
emission'*"  have  been  proposed  and  in  some  cases 
demonstrated.  While  they  may  be  usable  in  specialised 
applications  these  techniques  do  not  appear  to  present 
any  real  improvement  over  the  methods  described 
above,  except  perhaps  in  speed  of  inspection  (see 
§4.3). 

3.4  Detection  of  secondary  effects 

The  techniques  described  above  provide  a  range  of 
capabilities  for  detecting  and  characterising  corrosion. 
Ongoing  research  programmes  seek  to  improve  the 
sensitivity  and  practicality  of  the  techniques 
particularly  the  ability  to  discriminate  between 
corrosion  and  other  effects.  A  major  limitation  in 
applying  all  of  these  techniques  is  the  time,  and  hence 
the  cost  of  using  them.  The  attention  of  the  aircraft 
operator  must  be  drawn  to  the  suspect  area  by  some 
other  reason  before  the  technique  can  be  applied.  In 
the  absence  of  an  effective  large  area  search  technique 
there  may  be  occasions  when,  rather  than  trying  to 
detect  the  corrosion  itself,  it  is  more  economical  to 
detect  a  secondary  form  of  damage  which  has  been 
promoted  by  the  corrosion.  If  this  can  be  detected 
quickly  a  more  sensitive  corrosion  detection  technique 
can  be  performed  later  to  check  for  the  presence  of 
corrosion  in  the  suspect  areas,  if  required.  The  use  of 
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visual  inspection  to  detect  suspected  areas  of  quilting  is 
the  simplest  example  of  this  approach. 

Other  secondary  approaches  which  have  been  applied 
include  the  detection  of  disbonding  or  sealant  failures  by 
ultrasonics  and  the  detection  of  cracking  around 
fasteners  by  eddy  currents. 

With  the  ultrasonic  detection  of  disbonds  there  is  a  need 
for  a  follow-up  inspection  to  determine  whether  the  area 
of  disbond  actually  contains  corrosion.  This  inspection 
could  also  use  an  ultrasonic  technique  but  would 
probably  be  performed  using  a  higher  frequency  to 
maximise  sensitivity,  it  would  therefore  be  more  time 
consuming. 

The  detection  of  cracking  around  overstressed  fasteners 
or  emanating  from  corrosion  pits  in  fastener  holes  would 
not  necessarily  require  further  inspection  to  determine  if 
the  crack  was  corrosion  related.  It  might  still  be 
advantageous  to  check  for  corrosion  using  an 
appropriate  inspection  technique  to  aid  decisions  about 
severity  and  repair.  Conventional  eddy  current  crack 
detection  thresholds  are  such  that  detection  of  cracking 
around  countersunk  fasteners  would  probably  be  too  late 
to  give  adequate  warning  of  corrosion.  Advanced 
instruments  optimised  for  fastener  inspection  are  now 
available’*  and  these  might,  under  suitable 
circumstances,  provide  an  adequate  detection  capability 
for  corrosion  and  related  cracking. 


4  DETECTION  OF  DETERIORATION  IN 

ADVANCED  MATERIALS 

4.1  Corrosion  of  advanced  materials 

The  materials  which  are  either  in  use  or  are 
contemplated  for  use  in  airframe  primary  structures  fall, 
from  an  NDE  viewpoint,  into  two  categories.  These  may 
be  loosely  regarded  as  advanced  metal  alloys  and 
composites. 

Development  of  advanced  metal  alloys  such  as 
aluminium-lithium  may  give  rise  to  slightly  different 
corrosion  problems  than  those  of  the  current  materials 
described  above.  However,  from  the  point  of  view  of 
detecting  the  occurrence  of  corrosion  or  characterising 
the  corrosive  attack  in  some  way,  it  is  unlikely  that  the 
advanced  materials  will  differ  in  any  substantial  way 
from  the  current  materials.  The  same  NDE  methods 
would  be  applied  with  only  minor  developments  to 
optimise  techniques  for  particular  materials. 

The  development  of  composite  materials  might  cause 
completely  different  inspection  problems.  Interpreting 
corrosion  in  its  widest  sense  as  deterioration  due  to 
ageing  rather  than  fatigue  there  are  possible  mechanisms 
for  corrosion  which  do  not  exist  for  a  conventional 
metal. 


The  most  extensively  used  composite  materials  at  the 
present  time  are  carbon-fibre  reinforced  organic 
matrix  materials  (CFRP).  These  materials  exhibit  a 
number  of  ageing  mechanisms.  The  dry  composite 
may  age  by  a  slow  accumulation  of  microcracks 
which  eventually  nucleate  a  critical  delamination”. 

The  process  can  be  accelerated  by  moisture  ingress^'^’ 
and  thermal  spiking^^.  Moisture  can  also  attack  the 
fibre-matrix  interface  leading  to  disbonding^^'^,  cause 
plasticisation  of  the  resin  matrix^'  and  leech  out  some 
of  the  lighter  molecules  in  the  resin^^’^®.  The  fibres 
themselves  may  be  subject  to  attack  by  moisture, 
especially  in  areas  where  dissimilar  materials  are  in 
contact  and  some  concern  has  been  expressed  over  the 
possibility  of  long  term  chemical  changes  in  the 
matrices  due  to  ultraviolet  rays. 

Other  composite  materials  may  suffer  from  similar 
degradation  mechanisms.  Ceramic  matrix  composites 
have  been  developed  to  provide  a  tougher  material 
than  the  monolithic  ceramic.  In  the  early  life  of  such  a 
material,  crack  propagation  is  arrested  by  the 
reinforcement.  Ultimately  this  may  cause  a  sufficient 
build-up  of  microcracks  to  adversely  affect  material 
performance.  Metal  matrix  composites  and  hybrid 
materials  containing  metal  and  organic  layers  may 
suffer  from  corrosion  caused  by  chemical  reactions 
between  the  component  materials  and  possibly  water. 

All  of  these  degradation  mechanisms  are,  of  course, 
allowed  for  in  the  airframe  design  to  the  extent  that 
they  should  not  adversely  affect  the  performance  of 
the  materials  during  their  service  life.  If  the  airframes 
were  to  be  replaced  at  the  end  of  this  life,  corrosion 
problems  would  only  affect  systems  where  there  had 
been  some  marked  change  in  circumstances,  unforseen 
at  the  design  stage.  The  economic  pressures  to  extend 
airframe  life  are  likely  to  intensify  in  the  future, 
however,  and  this  may  lead  to  the  composite  airframes 
remaining  in  service  until  material  degradation  sets  in 
and  renders  their  further  use  uneconomic.  This 
situation  already  appears  to  have  been  reached  with 
metallic  structure  in  civil  airliners. 

4.2  NDE  for  material  degradation  in  advanced 
materials 

The  discussion  of  current  NDE  techniques  for 
corrosion  detection  in  §2  concentrated  on  the  detection 
of  discrete  defects,  either  areas  of  material  loss, 
corrosion  product  or  secondary  defects  associated  with 
areas  of  corrosion.  Some  of  the  degradation  processes 
mentioned  in  §3.1  may  also  lead  to  discrete  defects 
which  are  large  enough  to  be  detected  individually  by 
current  techniques.  Although  the  inhomogeneity  of 
composite  materials  reduces  the  sensitivity  which  can 
be  attained,  it  may  be  expected  that  development  of 
existing  methods  will  provide  techniques  for  the 
detection  and  characterisation  of  this  type  of 
degradation. 
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The  other  mechanisms,  those  which  may  lead  to  either  a 
weakening  of  the  material  without  the  occurrence  of 
discrete  flaws,  or  to  the  formation  of  large  numbers  of 
microscopic  defects,  will  have  to  be  detected  by 
measuring  changes  in  the  material  properties.  A  number 
of  NDE  techniques  are  already  used  for  material 
property  assessment.  The  most  widely  used  methods  for 
inspection  of  organic  matric  composites  use 
measurements  of  ultrasonic  attenuation.  This  is  effective 
for  the  detection  of  porosity  caused  by  problems  during 
manufacture.  It  should  also  be  effective  as  a  means  of 
detecting  degradation  mechanisms  which  led  to  the 
creation  of  microscopic  voids  in  the  material.  It  has 
been  shown,  for  example,  that  the  damage  caused  by 
thermal  spiking  of  a  moist  composite  produces  an 
increase  in  ultrasonic  attenuation^.  Measurements  of 
ultrasonic  velocity  can  be  used  to  monitor  cure 
processes  and  to  determine  reinforcement  density.  An 
adaptation  of  the  technique  ought  to  be  capable  of 
detecting  areas  where  the  elastic  modulus  of  the 
composite  has  been  affected  by  plasticisation  or  by  the 
build-up  of  a  significant  defect  concentration.  Further 
research  will  be  required  to  ascertain  the  level  of 
deterioration  which  would  be  detectable  using  these 
techniques. 

Eddy  current  methods  provide  a  complementary  range 
of  capabilities  since  they  probe  only  conducting 
structure.  They  may  be  expected  to  be  able  to  detect 
deterioration  of  metal  matrix  composites  if  this  results  in 
a  reduction  in  the  electrical  conductivity.  Similarly  they 
will  be  sensitive  to  changes  in  metal  layered  hybrid 
materials  where  interpretation  of  the  eddy  current 
signals  will  be  the  main  challenge.  Eddy  current 
methods  are  more  difficult  to  apply  to  CFRP  as 
inhomogeneities  in  the  material  can  mask  conductivity 
changes  due  to  damage.  In  principle,  however,  eddy 
currents  give  the  most  direct  method  for  detecting 
damage  to  the  conducting  fibres  and  may  therefore  be 
usable  to  detect  degradation  of  the  fibres  themselves  or 
of  the  fibre/matrix  interface.  The  application  of  eddy 
current  inspection  to  composite  materials  is  at  a  very 
early  stage  of  development  and  considerable  further 
work  will  be  required  to  assess  the  full  potential  of  the 
technique,  however  it  has  been  shown  to  be  effective  for 
the  detection  of  fibre  breakage  caused  by  impact 
damage  or  cracking. 

4.3  Large  area  techniques 

The  NDE  techniques  referred  to  in  the  above  section 
share  the  limitation  noted  in  §2  that  they  are  capable  of 
detailed  characterisation  of  a  small  area  of  structure  but 
are  slow  to  apply  over  a  large  area.  If  the  justification 
for  extending  the  life  of  airframes  until  corrosion 
problems  appear  is  economic,  it  would  be  highly 
desirable  if  not  essential  to  have  a  rapid  search  tool 
which  could  inspect  large  areas. 


In  areas  where  degradation  of  the  material  leads  to 
deformation,  such  as  composite  swelling  on  moisture 
absorption  or  quilting  around  mechanical  fasteners,  it 
may  be  possible  to  rely  on  visual  inspection,  possibly 
using  aids  such  as  the  D-sight  technique^^-^®,  for  large 
area  coverage. 

Material  degradation  effects  might  also  be  detectable 
from  the  thermal  or  mechanical  properties  of  the 
system.  Already  it  is  routine  to  use  thermal  imaging 
for  the  detection  of  entrapped  water  in  honeycomb. 
Thermal  imaging  or  pulsed  thermography  may  be 
useful  also  for  detection  of  changes  in  matrix 
properties  of  CFRP  and  similar  composites.  Optical 
techniques  to  measure  surface  distortion  under  applied 
stress  or  vibration  and  various  low  frequency  acoustic 
or  mechanical  impedance  techniques  also  offer  some 
potential  for  detecting  gross  deterioration  but  probably 
do  not  currently  have  sufficient  sensitivity  to  detect 
the  more  subtle  changes  which  may  be  expected  with 
systems  in  current  use. 


5  THE  USE  OF  NDE  FOR  LIFE 
MANAGEMENT 

5.1  NDE  and  Airworthiness  philosophies 

Aircraft  may  be  operated  under  a  damage  tolerant, 
safe  life  or  fail  safe  approach  to  airworthiness.  NDE  is 
explicitly  relied  upon  only  in  the  damage  tolerance 
methodology,  where  the  structure  is  inspected 
periodically  in  order  to  ensure  that  it  is  free  from 
harmful  defects  and  may  be  cleared  for  a  further 
period  of  operation.  Military  types  operated  under  safe 
life  policies  and  civil  aircraft  which  use  a  fail  safe 
approach  are  cleared  for  operation  to  a  nominal 
airframe  life,  although  they  do  rely  upon  inspection 
within  that  life  to  some  extent. 

If  economic  pressures  dictate  that  the  aircraft  be  kept 
in  service  after  the  end  of  its  safe  life,  an  alternative 
method  must  be  employed  to  ensure  continued  safe 
operation.  Many  structural  elements  and  components 
can  be  replaced  or  refurbished.  Others,  after 
inspection  to  ensure  their  continued  fitness  for 
purpose,  may  be  returned  to  service  for  a  further  life. 
This  further  life  is  calculated  using  the  damage 
tolerance  principle  of  allowing  for  the  presence  of 
undetectably  small  defects^^  TTie  choice  between 
replacement  and  inspection  will  be  made  primarily  on 
economic  grounds. 

The  relationship  between  airworthiness  and  NDE 
capabilities  involves  several  elements.  These  are,  the 
way  in  which  NDE  reliability  is  specified,  the 
procedures  by  which  the  reliability  must  be  verified 
and  the  inspection  intervals  which  result  from  the 
demonstrated  NDE  reliability  and  the  required  safety 
level.  Inefficiency  in  any  of  these  elements  can  greatly 
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reduce  the  potential  savings  offered  by  optimal  use  of 
NDE. 


5.2  Specification  and  Verification  of  NDE 
Reliability 

NDE  can  only  be  relied  upon  to  ensure  safety  once  it 
has  been  demonstrated  to  be  effective.  In  many 
instances,  a  simplistic  view  is  taken  of  the  capabilities 
of  NDE  and  it  is  assumed  that  all  defects  above  a 
certain  size  will  be  detected.  Hiere  is  in  practice  no  size 
above  which  a  defect  can  be  detected  with  complete 
certainty.  Restricting  NDE  to  look  for  defects  only  of  a 
sufficiently  large  size  that  the  detection  is  virtually 
certain  inevitably  leads  to  conservative  estimates  of  this 
critical  defect  size.  The  resulting  estimate  of  the  largest 
defect  which  could  be  missed,  however  infrequently,  is 
often  unacceptably  large  and  NDE  is  therefore  not  used. 

There  has  been  considerable  interest  in  the  assessment 
or  verification  of  NDE  reliability^®’^ This  is  usually 
expressed  as  a  "probability  of  detection"  (POD)  curve, 
showing  the  probability  of  detecting  a  defect  as  a 
function  of  defect  size.  Current  research  is  aimed  largely 
at  developing  more  efficient  methods  for  incorporating 
the  results  of  NDE  reliability  trials  into  the  overall 
airworthiness  methodolog/l  Providing  the  reliability 
can  be  assessed,  however,  optimal  scheduling  of 
inspections  can  be  achieved  to  provide  stipulated  safety 
levels. 

One  of  the  major  considerations  when  assessing  the 
viability  of  an  inspection  strategy  is  the  trade-off 
between  the  reliability  required  and  the  resulting 
inspection  interval.  In  general,  achieving  a  high 
reliability  requires  a  time-consuming  and  hence 
relatively  expensive  inspection  technique.  An  improved 
understanding  of  the  link  between  reliability  and 
inspection  frequency  may  allow  the  use  of  lower- 
reliability  and  hence  less  expensive  techniques  as  large 
area  search  tools  for  routine  inspection. 

A  sensible  compromise  must  be  reached  when 
specifying  NDE  requirements  between  needlessly  high 
sensitivity  and  the  desire  for  rapid  inspections.  The 
standard  introduced  by  the  USAF  some  years  ago^’  as 
part  of  its  damage  tolerance  procedures  has  since  been 
widely  adopted.  This  requires  a  POD  of  90%  to  be 
demonstrated  at  the  95%  confidence  level  at  the  desired 
detection  threshold. 

In  practice,  imposing  this  arbitrary  standard  to  all 
inspection  tasks  has  resulted  in  several  difficulties. 

Many  inspection  techniques  do  not  have  a  high  enough 
reliability  to  enable  the  "90/95"  criterion  to  be 
demonstrated  economically.  Some  techniques  do  not 
even  approach  a  POD  of  90%^^^.  Such  techniques  may 
provide  the  most  cost-effective  inspection  scheme  if 
appropriate  scheduling  of  inspections  can  be  arranged. 


5.3  NDE  Reliability  for  life  management 

There  are  two  types  of  defect  which  can  be  expected 
to  predominate  in  ageing  aircraft,  fatigue  cracks  and 
corrosion.  A  considerable  amount  of  work  has  already 
been  done  on  the  reliability  of  NDE  techniques  for 
crack  detection,  although  much  of  this  is  of  limited 
applicability  to  real  inspection  situations^^’^''.  There  is 
no  comparable  information  on  the  reliability  of 
corrosion  detection  methods.  Verifying  the  reliability 
of  an  NDE  technique  for  the  detection  of  corrosion 
defects  in  airframes  could  be  an  expensive  and  time 
consuming  undertaking  in  which  the  number  of 
specimens  which  could  be  provided  would  necessarily 
be  small. 

The  NDE  specification  and  verification  process  can  be 
tailored  to  optimise  NDE  utilisation  in  two  different 
ways  depending  on  the  type  of  inspection  planned  and 
its  relationship  to  the  aircraft  maintenance  schedule. 

For  inspections  which  involve  little  or  no  preparation 
and  which  can  conveniently  be  carried  out  during 
normal  aircraft  operations,  the  NDE  reliability  can  be 
used  to  calculate  inspection  intervals  directly  to 
achieve  a  given  safety  level.  Comparison  of  the 
overall  cost  of  different  inspection  strategies  can  be 
based  on  inspection  costs  alone  or  can  take  likely 
repair  costs  into  account.  In  planning  a  verification 
exercise  to  demonstrate  the  required  POD  the  cost  of 
this  should  be  considered  when  minimising  the  overall 
cost  of  inspection. 

Inspections  which  involve  extensive  aircraft 
preparation  are  practicable  only  if  they  can  be  carried 
out  during  planned  major  servicing.  Since  the 
inspection  interval  is  determined  by  the  maintenance 
programme,  this  becomes  the  determining  factor  for 
the  required  NDE  reliability.  Optimising  the  NDE 
requirement  then  becomes  merely  selecting  the 
technique  which  most  economically  or  conveniently 
provides  the  required  reliability. 

Although  the  small  size  of  such  a  verification 
experiment  will  inevitably  result  in  a  low  value  for  the 
POD  at  a  high  confidence  level,  this  need  not  result  in 
an  unacceptably  short  inspection  interval.  A  current 
rule  of  thumb  used  in  setting  inspection  intervals  is 
that  a  defect  should  be  inspected  at  least  three  times 
during  its  growth  to  the  critical  size.  For  any  given 
confidence  level  which  will  be  used  to  define  the 
POD  estimate,  it  is  possible  to  predict  the  number  of 
inspections  which  will  be  required  during  the  defect 
life.  The  number  of  inspections  depends  on  both  the 
true  probability  of  the  technique  finding  a  defect  and 
the  number  of  trials  used  to  verify  the  POD.  Table  1 
shows  the  result  for  the  95%  confidence  level 

It  can  be  seen  that  using  a  considerably  less  reliable 
inspection  technique  imposes  only  a  slight  burden  in 
terms  of  increasing  the  number  of  inspections 
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True 

Proba 

bility 

No.  of  inspections  for 
verification 

Pt  /% 

20 

50 

100 

200 

CO 

95 

5 

4 

4 

3 

3 

85 

6 

6 

5 

5 

4 

Table  I:  Expected  number  of  inspections  required  to 
obtain  overall  safety  level  of  1  in  1000. 


required.  Similarly,  reducing  the  size  of  the  verification 
exercise  results  in  only  a  modest  increase  in  the  number 
of  inspections  required.  If  the  inspection  interval  is  fixed 
by  the  maintenance  schedule  for  the  aircraft  there  may 
be  no  gain  in  using  the  higher  reliability  technique  or  in 
requiring  a  large  and  costly  verification  programme. 

By  choosing  a  technique  with  suitable  reliability  and 
planning  the  verification  of  this  appropriately,  any 
desired  safety  level  can  be  ensured  at  minimum  overall 
cost. 


6  CONCLUSIONS 

Corrosion  and  corrosion  related  defects  have  become  a 
major  life  limiting  factor  in  the  operation  of  aircraft. 

The  extension  of  airframe  life  often  presents  a  choice 
between  inspection  and  replacement  to  ensure 
airworthiness.  The  choice  will  usually  be  made  on 
economic  grounds. 

NDE  techniques  exist  to  detect  corrosion  in  many 
circumstances.  Gross  corrosion  in  simple  structures  is 
not  difficult  to  detect.  The  requirements  of  the  aerospace 
industry  include  the  detection  of  corrosion  at  an  early 
stage,  the  ability  to  distinguish  indications  due  to 
corrosion  from  structural  effects  in  complicated 
structures.  Current  research  aims  to  improve  the 
capabilities  of  current  detection  methods  in  both  of  these 
respects. 

In  current  practice  NDE  techniques  other  than  visual 
inspection  are  only  employed  to  inspect  suspect  areas 
which  have  been  highlighted  by  either  visual  inspection 
or  fleet  experience  on  other  aircraft.  The  provision  of 
rapid  techniques  for  the  inspection  of  large  areas  would 
be  very  valuable.  Such  techniques  could  be  used  as  a 
routine  search  tool,  backed  up  by  the  more  sensitive 
characterisation  and  measurement  methods. 

Corrosion  or  degradation  processes  affecting  new, 
advanced  materials  can  be  grouped  into  two  classes 
from  an  NDE  point  of  view.  Corrosion  of  novel  alloys. 


along  with  similar  processes  involving  loss  of  material 
in  composite  materials  can  be  detected  by  existing 
techniques,  suitably  optimised  for  the  material  in 
question.  Novel  deterioration  processes  which  might 
affect  composite  materials  require  alternative 
techniques.  Ultrasonic  and  eddy  current  methods 
which  are  currently  used  for  determination  of  material 
properties  offer  a  basis  for  the  solution  of  some  of 
these  problems. 

Whenever  NDE  is  required  to  ensure  that  critical 
components  or  structures  are  free  from  defects,  the 
reliability  of  the  NDE  teehnique  beeomes  an  important 
factor  in  determining  the  overall  safety  level.  Reliance 
on  NDE  to  detect  corrosion  implies  that  the  reliability 
of  the  detection  techniques  should  be  established. 

Little  information  is  currently  available  on  this. 
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1 .  SUMMARY 

A  predictive  method  of  determining 
the  inspection  requirements  for 
specific  areas  of  individual  aircraft 
could  offer  major  advantages  in  terms 
of  safety  and  maintenance  and  repair 
costs .  An  approach  such  as  Health  and 
Usage  Monitoring  in  Service,  in  which 
the  condition  of  components  is 
monitored  whilst  in  operation,  would 
allow  inspection  requirements  to  be 
minimised  and  maintenance  to  be 
carried  out  as  it  becomes  necessary. 

To  use  such  an  approach  on  aircraft 
would  require  very  sensitive 
monitoring  techniques .  Modern 
electrochemical  corrosion 
instrumentation  could  offer  the 
required  levels  of  sensitivity  for 
detecting  and  characterising  the 
corrosion  processes  which  precede  the 
development  of  observable  damage. 

This  paper  details  a  programme 
carried  out  to  assess  the  suitability 
of  such  electrochemical  monitoring 
instrumentation  for  aerospace 
applications  and  to  assess  the 
feasibility  of  producing  an  aircraft 
system  on  which  a  predictive 
corrosion  monitoring  system  could  be 
based. 


2 .  INTRODUCTION 

Corrosion  presents  a  major  threat  to 
the  structural  integrity  of  both 
military  and  commercial  aircraft  and 
may  significantly  affect  the 
viability  of  extending  the  life  of 
particular  aircraft  types.  Many 
aerospace  materials  are  inherently 
reactive  and  can  be  degraded  very 
rapidly  if  inadequately  protected 
against  their  operational 
environment.  As  the  length  of  time  in 
service  increases,  there  is  also  a 


greater  probability  that  corrosion 
will  be  associated  with  other  forms 
of  damage,  such  as  fatigue  cracking. 
It  is  therefore  critical  that  any 
areas  affected  by  corrosion  are 
identified  and  corrective  action  is 
taken  well  before  structural 
integrity  has  been  compromised. 
Ideally,  corrosion  should  be 
identified  in  its  early  stages, 
before  extensive  rectification  work 
is  required. 

The  conventional  approach  for  dealing 
with  corrosion  is  by  routine 
inspection,  repair  and  maintenance. 
Detailed  inspections  are  usually 
carried  out  during  periodic  overhauls 
when  there  is  the  opportunity  to 
remove  protective  treatments,  panels 
and  insulation  to  allow  for  visual  or 
more  specialised  examination  of  the 
structure.  The  frequency  of  these 
inspections  is  usually  based  on  the 
age  of  the  aircraft  and  on  general 
service  experience. 

This  approach  has  certain 
disadvantages  due  to  the  large 
variation  in  the  corrosion  problems 
which  can  be  experienced  even  with 
identical  aircraft  types.  This 
variation  may  be  attributable  to  the 
different  operating  roles  and 
environments  in  which  the  aircraft 
are  employed,  to  variations  in  the 
aircraft  specification  or  to 
differences  in  the  maintenance 
procedures  used  by  various  operators . 
Even  with  individual  aircraft, 
changes  in  operational  usage  can 
result  in  a  dramatic  change  in  the 
rate  of  corrosion  degradation.  It  is 
therefore  possible  that  only  a  small 
number  of  aircraft  in  a  fleet  may  be 
badly  affected  by  corrosion  in 
particular  areas . 


Paper  presented  at  the  79th  Meeting  of  the  AGARD  Structures  and  Materials  Panel  on  “Corrosion  Detection  and 
Management  of  Advanced  Airframe  Materials"  held  in  Seville,  Spain,  5-6  October  1994. 
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Experience  has  shown  that  the 
corrosion  problems  associated  with 
aircraft  tend  to  be  underestimated 
rather  than  overestimated.  For  many 
aircraft  types,  it  has  been  reported 
that  detailed  inspections  have 
revealed  more  widespread  and  severe 
attack  than  had  been  expected .  This 
may  be  due  in  part  to  the  variable 
nature  of  the  problem  and  also  to  the 
failure  of  the  inspection  methods  to 
detect  minor  corrosion  damage  at  the 
onset  of  attack.  For  whatever  reason, 
a  delay  in  detecting  corrosion  until 
it  has  become  established  or  reached 
a  level  at  which  another  failure 
mechanism  has  become  active,  will 
usually  prove  to  be  costly  because 
the  repairs  required  will  then  be 
more  difficult,  time-consuming  and 
expensive . 


Conversely,  the  frequency  of  routine 
inspection  that  is  specified  may  be 
higher  than  required  for  certain 
areas  of  some  aircraft.  This  also 
will  result  in  cost  penalties  because 
the  inspections  are  expensive  to 
carry  out  and  require  the  aircraft  to 
be  taken  out  of  service. 


in  the  aerospace  industry,  following 
such  development  in  the  nuclear, 
chemical  and  offshore  oil  production 
industries .  It  has  been  shown  that 
significant  cost  savings  can  be 
achieved,  equivalent  to  approximately 
half  the  cost  of  using  the 
conventional  maintenance  approach 


(Figure  1) 


(3) 


Fig.  1  Relative  Costs  of  Different 
Approaches  to  Maintenance 


A  more  accurate  method  of  determining 
the  inspection  requirements  for 
specific  areas  of  individual  aircraft 
would  therefore  offer  major 
advantages  in  terms  of  safety  and 
maintenance  and  repair  costs. 

The  shortcomings  in  the  conventional 
approach  to  maintaining  aircraft 
serviceability  have  created  interest 
in  the  development  of  approaches 
better  suited  to  modern  operational 
requirements .  Health  and  Usage 
Monitoring  in  Service  (HUMS)  and 
Structural  Usage  Monitoring  in 
Service  (SUMS)  are  two  such 
initiatives  which  are  used  for 
helicopters*^'.  Their  principal 
objective  is  to  predict  and 
neutralise  attack  before  significant 
damage  is  sustained.  They  employ  an 
approach  whereby  the  condition  of 
components  is  monitored  whilst  in 
operation  and  not  just  assessed 
intermittently  at  routine 
inspections.  This  minimises 
inspection  requirements  yet  ensures 
that  maintenance  is  carried  out  as  it 
becomes  necessary.  In  concept,  the 
approach  is  akin  to  "just  in  time" 
manufacture,  with  similar  benefits  of 
close  control  and  cost  reduction. 

Recognition  of  the  advantage  to  be 
gained  from  predictive  management  of 
corrosion  is  becoming  more  widespread 


To  use  such  an  approach  on  aircraft 
would  require  very  sensitive 
monitoring  techniques  which  could 
detect  and  identify  some  or  all  of 
the  corrosion  processes  which  precede 
the  development  of  observable  damage . 
Such  processes  would  include  the 
degradation  of  protective  treatments, 
pitting,  stress  corrosion  cracking, 
crevice  attack  or  uniform  attack. 


3.  ELECTROCHEMICAL  CORROSION 
MONITORING 

Modern  electrochemical  corrosion 
instrumentation  could  offer  the 
required  levels  of  sensitivity  for 
detecting  and  characterising 
corrosion  processes  at  their 
initiation  stages.  It  can  be  used  to 
monitor  the  electrochemical  signals 
which  are  generated  spontaneously  by 
changes  in  the  electrochemical 
conditions  at  corroding  surfaces. 

Such  instrumentation  was  initially 
developed  more  than  ten  years  ago  for 
the  power  generation  industry  to 
appraise  corrosion  behaviour  under 
corrosive  condensate  films.  The 
technology  is  now  also  used  in  oil 
and  gas  production,  as  well  as  the 
nuclear,  chemical,  petrochemical  and 
refining  industries. 
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As  part  of  the  Brite-Euram  project 
BE-3355  "New  Accelerated  Corrosion 
Test  Methods"  ,  a  programme  has  been 
carried  out  to  assess  the  suitability 
of  such  electrochemical  monitoring 
instrumentation  for  aerospace 
applications . 

The  programme  involved  the 
simultaneous  application  of  a  number 
of  separate  but  complementary 
electrochemical  monitoring 
techniques.  These  included  : 

Electrochemical  Potential  Noise  (EPN) 

Electrochemical  Current  Noise  (ECN) 

Electrochemical  Impedance  Measurement 
(EIM) 

Zero  Resistance  Ammetry  (ZRA) 


3.1  Electrochemical  Noise  (EPN/ECN) 

Electrochemical  Potential  Noise 
(EPN)  (5, 6, 7, 8, 9)  ^  generic  term 

used  to  describe  the  spontaneous 
fluctuations  or  transients  observed 
in  the  current  or  potential  time 
record  of  an  electrochemical 
reaction^^°^  .  These  originate  as  a 
result  of  stochastic  processes 
occurring  on  the  electrode  surfaces . 
The  fluctuations  are  usually  of  low 
amplitude  (less  than  1  mV)  and  of  low 
frequency  (in  the  range  IHz  and 
below) .  The  electrochemical  noise 
technique  relies  solely  on  the 
measurement  of  these  spontaneous 
fluctuations  of  the  free  corrosion 
potential  of  the  test  electrode.  No 
external  perturbations  are  required. 

The  instrumentation  effectively 
measures  the  rms  value  of  the 
amplitude  of  the  electrochemical 
noise  over  a  narrow  band  of 
frequencies.  The  output  is 
proportional  to  the  logarithm  of  the 
rms  value  of  the  amplitude  of  the 
electrochemical  noise  in  the  measured 
frequency  range,  spanning  a  range  of 
amplitudes  from  IpV  to  lOmV. 

Electrochemical  Current  Noise 
(ECN)  (5, 6, 7, 8, 9)  similar  to  EPN, 
except  that  fluctuations  in  current 
flow  between  two  similar  electrodes, 
typically  less  than  IjiA,  are 
monitored 

The  main  advantages  of  the  noise 
techniques  lie  in  their  capability  of 
detecting  localised  corrosion  ie 
pitting  or  crevice  attack.  It  has 


been  found  that  such  forms  of  attack 
give  unique  "signatures"  and 
experience  has  shown  that  data 
obtained  can  be  related  in  real  time 
to  the  degree  of  localised  attack. 
Thus,  electrochemical  noise  gives 
useful  information  at  the  onset  of 
attack  and  during  continued  pitting 
or  crevice  corrosion. 


3 . 2  Electrochemical  Impedance 
Measurement  (EIM) 

Electrochemical  Impedance  describes 
the  response  of  an  electrochemical 
interface,  such  as  that  between  a 
corroding  electrode  and  the 
surrounding  environment ,  to  an 
externally-  applied,  alternating, 
electrical  perturbation'^'.  For 
example,  a  small  amplitude  (about  20 
mV)  sinewave  voltage  applied  between 
a  pair  of  corroding  electrodes  causes 
the  flow  of  a  sinusoidally  varying 
(a.c.)  current  with  a  phase  shift 
dependent  on  the  cell  parameters .  The 
electrochemical  impedance  of  the  cell 
can  then  be  determined  at  the 
measurement  frequency  as  the  ratio  of 
the  applied  voltage  to  the  resultant 
current . 

In  reality,  the  electrochemical 
interface  behaves  as  a  combination  of 
resistance,  capacitance  and  other 
elements,  causing  a  phase  shift 
between  the  applied  voltage 
perturbation  and  the  observed 
current.  A  high  frequency 
perturbation  applied  to  the  test 
electrode  enables  measurement  to  be 
made  of  the  electrolyte  (or  solution) 
resistance.  Measurements  made  at  very 
low  frequencies  allow  the  sum  of  the 
electrolyte  resistance  and  the  charge 
transfer  resistance  to  be  obtained. 
Experience  has  shown  that 
measurements  should  be  taken  over  a 
frequency  range  of  some  7  decades, 
namely  lOkHz  to  1  mHz,  depending  on 
the  particular  system  being 
studied ^  .  In  practice, 
complications  due  to  concentration 
(diffusion)  effects  are  usually 
present,  but  analysis  of  the 
impedance  data  can  allow  an 
estimation  of  the  charge  transfer 
resistance  of  the  system  under  test. 
This  can  then  provide  a  measure  of 
the  corrosion  rate  using  the  Stern- 
Geary  relationship  : 

Icorr  -  B/Rp 

where  B  is  the  Stern-Geary  constant  and 
Rp  is  the  polarisation  resistance. 
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3.3  Zero  Resistance  Ammetry  (ZRA) 


4 .  RESULTS 


Zero  Resistance  Ammetry  measures  the 
galvanic  current  between  two 
electrodes  whilst  imposing 
essentially  zero  resistance  to  the 
flow.  It  is  usually  employed  with 
dissimilar  metals,  but  may  be  used 
with  certain  advantages  to  monitor 
the  current  between  two  nominally 
"identical"  electrodes . 

In  theory,  two  such  electrodes  should 
maintain  the  same  f ree-corrosion 
potential,  hence  no  current  should 
flow.  In  practice,  their  potentials 
differ  slightly  and  fluctuate.  When 
coupled  through  a  ZRA  they  are 
maintained  at  a  common  potential  and 
the  resulting  mean  current,  together 
with  any  fluctuations,  is  manifested 
as  a  current  flow. 

The  instrument  output  is  proportional 
to  the  logarithm  of  the  rms  value  of 
the  ZRA  current  and  may  be  used  to 
identify  patterns  of  fluctuations 
corresponding  to  localised  corrosion 
attack.  Experimental  evidence 
indicates  that  in  many  systems,  the 
D.C.  value  of  the  current  during 
active  corrosion  is  proportional  to 
the  corrosion  current. 

The  techniques  described  above  were 
used  for  : 

Electrochemical  monitoring  of 
specimens  representing  different 
aerospace  alloys  and  protective 
treatments  after  exposure  to  various 
test  environments .  The  tests  included 
long-term  exposure  -  attached  to  an 
aircraft  or  placed  in  an  industrial 
environment  -  and  accelerated 
corrosion  tests  such  as  salt  spray 
and  alternate  immersion. 


4.1  Laboratory  tests  - 
Electrochemical  Noise 


It  was  demonstrated  that  individual 
cracking  events  could  be  detected  and 
identified  as  they  occurred  by 
electrochemical  noise  monitoring. 


Figures  2  to  4  show  the 
electrochemical  noise  data  obtained 
during  slow  strain  rate  and  constant 


load  tests 


(12) 


Potential  (mV)  vs.  Time  (Seconds) 


Current (yA)  vs.  Time (Seconds) 

Fig.  2  Electrochemical  Noise  Data 

8090. C  -  SSR  Test  -  45  minutes 


Electrochemical  monitoring  in  real¬ 
time  of  untreated  specimens  immersed 
in  various  test  solutions  during  slow 
strain  rate  or  constant  load  tests. 

Installation  of  prototype  corrosion 
monitoring  equipment  and  sensors  on 
board  an  aircraft  in  order  to  monitor 
the  variations  in  environmental 
corrosivity  experienced  during 
flight . 

The  aircraft  system  was  also  later 
modified  to  allow  monitoring  of 
different  types  of  sensor  in  order  to 
assess  the  feasibility  of  producing 
an  aircraft  system  on  which  a 
predictive  corrosion  monitoring 
system  could  be  based. 


Figure  2  shows  the  response  of  alloy 
8090-T8171  during  a  slow  strain  rate 
test  (2.8E"®s’^)  in  Substitute  Ocean 
Water  at  25°C.  The  data  was  acquired 
approximately  45  minutes  into  the 
test  and  the  response  is  indicative 
of  micro-pitting.  The  first  anodic 
dissolution  transients,  typical  of 
stress  corrosion  cracking,  appeared 
approximately  2  hours  into  the  test 
(Figure  3) .  All  of  the  large  noise 
transients  observed  throughout  the 
test  were  found  to  correspond  to 
transients  in  the  stress -strain 
curve,  confirming  that  they  were 
related  to  significant  cracking 
events . 
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Potential  (wV)  vs.  Time  (Seconds) 


Current  (pA)  vs.  Time  (seconds) 


Fig.  3  Electrochemical  Noise  Data 

8090. C  -  SSR  Test  -  120  Mins 


A  different  response  was  monitored 
during  tests  on  alloy  7075-T651 
subjected  to  a  constant  load  test  at 
428  MPa  in  S.O.W.  at  40°C.  Figure  4 
shows  a  cathodic  potential  transient 
and  corresponding  cathodic  current 
transient.  These  are  associated  with 
the  generation  of  nascent  hydrogen. 
The  cathodic  transients  are 
immediately  followed  by  an  shift  in 
the  potential  in  the  anodic 
direction,  with  an  associated  anodic 
shift  in  the  current .  The  response 
was  therefore  indicative  of  hydrogen- 
induced  crack  propagation,  rapidly 
followed  by  anodic  dissolution 
associated  with  re-filming  of  the 
exposed  crack  surfaces .  This  would  be 
a  step-wise  mechanism,  with  the 
anodic  dissolution  resulting  in 
generation  of  more  nascent  hydrogen 
and  subsequent  further  hydrogen- 
induced  crack  propagation. 

It  was  shown  that  electrochemical 
noise  and  impedance  monitoring  could 
provide  information  concerning  ^^he 
degradation  of  coated  specimens 
The  electrochemical  noise  data  could 
be  utilised  in  its  raw  form  or 
analysed  statistically  to  provide 
information  on  overall  trends . 


Potential  (mV)  vs.  Time  (Seconds) 
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Current  (pA)  vs.  Time  (seconds) 

Fig.  4  Electrochemical  Noise  Data 

L95  -  Constant  Load  (428MPa) 


Figure  5  shows  the  variation  in 
electrochemical  current  noise  rms  on 
7075-T651  specimens  installed  in  an 
aircraft  for  up  to  12  months .  This 
indicates  clear  differences  in  the 
protection  conferred  by  the  various 
treatments.  Activity  was  greatest  on 
the  untreated  (Tl)  specimens.  The 
effect  of  applying  a  typical  in-situ 
protective  treatment  ie  chromate 
conversion  plus  PX32  wax-based 
protective  (T4)  was  shown  to  have 
resulted  in  an  immediate  improvement 
in  corrosion  performance,  to  similar 
levels  as  those  specimens  with  the 
standard  protective  treatment  (T2  - 
anodise  plus  epoxy  primer) .  However, 
the  data  showed  that  this  treatment 
lost  its  effectiveness  after  about  9 
months  without  replenishment . 
Treatment  T3  -  chromate  conversion 
plus  epoxy  primer  -  showed  no  loss  in 
performance  but  appeared  to  be  less 
protective  than  treatment  T2 . 
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Fig.  5  Variation  in  Current  Noise  RMS 
Long  Term  Exposure  In  Aircraft 

Similar  results  were  obtained  on 
specimens  exposed  to  an  industrial 
environment  for  up  to  15  months 
(Figure  6) .  Degradation  of  the 
treatment  T4  was  again  apparent,  and 
treatment  T2  was  again  shown  to  offer 
the  highest  level  of  protection. 


ELAPSED  TIME  (DAYS) 


NB  For  all  of  the  tests,  the 
monitoring  was  carried  out  before 
corrosion  was  visible  on  any  of  the 
treated  specimens.  The  only  visible 
degradation  was  a  lightening  in 
colour  of  the  epoxy  primer. 


4.2  Laboratory  Tests  - 

Electrochemical  Impedance 

There  was  found  to  be  a  good 
correlation  between  the  electro¬ 
chemical  noise  and  impedance 
data(^^^^.  The  impedance  results 
confirmed  that  treatment  T5  provided 
a  high  level  of  protection  at  the 
initial  stages  of  the  in-flight 
exposure  tests,  with  a  charge 
transfer  resistance  (Rcti 
approximately  50  kOhm.cm  (Figure  8) . 


Fig.  6  Variation  in  Current  Noise  RMS 
Long  Term  Exposure  In 
Industrial  Environment 


Alternate  immersion  testing  in  3.5% 
NaCl  solution  was  shown  to  be  a  very 
aggressive  test,  resulting  in  a  rapid 
degradation  of  treatments  T3  and  T4 
(Figure  7) .  An  increase  in  activity 
was  apparent  after  only  120  cycles  (5 
days)  for  these  treatments,  with  the 
level  of  activity  approaching  that  of 
the  untreated  specimens  after  480 
cycles . 


200  300  400 


Fig.  7  Variation  in  Current  Noise  RMS 
Alternate  Immersion  Testing 


Fig.  8  Electrochemical  Impedance  Data 
Treatment  T5  After  90  Days 
Exposure  In  Aircraft 


After  350  days  -  when  the  noise 
response  indicated  that  corrosion 
activity  had  increased  -  impedance 
data  showed  the  R^t  to  fallen  to 

approximately  20  kOhm.cm  (Figure  9) . 


Fig.  9  Electrochemical  Impedance  Data 
Treatment  T5  After  350  Days 
Exposure  In  Aircraft 


In  contrast.  Ret  treatment  T4 

remained  reasonably  constant  at 
approximately  500  kOhm.cm^  during  the 
in-flight  exposure  tests  (Figure  10) . 
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Fig. 10  Electrochemical  Impedance  Data 
Treatment  T4  After  350  Days 
Exposure  In  Aircraft 

After  240  cycles  of  the  alternate 
immersion  test,  however,  when  the 
noise  data  registered  a  greatly 
increased  level  of  activity 
Associated  with  treatment  T4 ,  the 
impedance  response  shown  in  Figure  11 
was  obtained,  indicating  an  R^t  of 
approximately  10  kOhm.cm^ 


These  locations  were  chosen  because 
they  were  known  to  be  particularly 
susceptible  to  corrosion  attack. 


Fig.  12  Location  of  Aircraft 

Corrosion  Monitoring  System 
and  Sensors 


1.5E+4  I 


OE  +  0  1E  +  4  2E+4  3E  +  4 

R  (ohm. cm2) 


Fig. 11  Electrochemical  Impedance  Data 
Treatment  T4  After  240  Cycles 
Alternate  Immersion  Test 


4.3  Corrosion  Surveillance  on  Board 
an  Aircraft 

The  prototype  aircraft  corrosion 
monitoring  system  consisted  of  a 
multiplexed  analogue  electrochemical 
noise  system.  This  was  installed  in  a 
pressurised  section  of  a  large 
maritime  reconnaissance  aircraft  and 
was  connected  to  corrosion  sensors, 
platinum-resistance  thermometers  and 
a  pressure  sensor  installed  in  the 
wing  locations  shown  in  Figure  12 . 


The  environmental  corrosivity  sensors 
were  installed  in  holders  which 
allowed  the  sensors  to  be  flush- 
mounted  and  to  be  thermally  bonded  to 
the  aircraft  lower  skin.  They  were 
manufactured  from  a  similar  material 
to  that  of  the  aircraft  lower  skin 
panels  and  were  designed  to  monitor 
corrosion  due  to  condensation  and 
moisture  run-off.  The  corrosion 
surveillance  sensors  were  bonded 
directly  to  the  aircraft  structure 
and  were  over-painted  with  a  thinned 
coat  of  epoxy  primer  (approximately 
50%  thinner  than  that  normally 
applied) . 

Data  was  recorded  over  a  period  of 
about  30  months,  with  the  monitoring 
unit  being  switched  on  shortly  before 
each  flight.  The  unit  interrogated 
each  sensor  in  turn,  and  received  an 
input  every  15  seconds  of  one  of  the 
variables  being  monitored.  The  data 
was  logged  continuously  on  a  portable 
computer  which  had  sufficient 
capacity  for  several  weeks  operation. 


For  most  sets  of  data,  the  onset  of 
corrosion  correlated  exactly  with 
activities  such  as  take-off,  with  a 
correspondingly  rapid  decrease  in 
observed  activity  on  landing . 
Fluctuations  in  the  data  seemed  to 
indicate  that  corrosion  activity 
increased  during  periods  when  an 
aqueous  film  was  likely  to  form  on 
the  sensor  surfaces.  This  could  be 
due  to  condensation  of  entrapped 
moist  air  as  the  aircraft  ascended, 
by  melting  of  ice  particles  or 
condensation  onto  cold  surfaces  as 
the  aircraft  descended  or  on  passing 


through  weather 


fronts  or  the  cloud 


Typical  data  recorded  during  flights 
is  shown  in  Figures  13  to  15 . 


Figure  13  shows  data  recorded  during 
a  flight.  The  rapid  reduction  in 
pressure  and  the  more  gradual 
decrease  in  temperature  in  the 
enclosed  bay  as  the  aircraft  took  off 
and  gained  altitude  led  to  a 
noticeable  increase  in  corrosion 
activity,  indicated  by  the  large 
fluctuations  in  electrochemical 
potential  and  current  noise.  Small 
changes  in  altitude  and  temperature, 
approximately  one  hour  into  the 
flight  also  produced  fluctuations  in 
the  noise  data.  Approximately  3  hours 
into  the  flight,  the  activity  once 
again  increased,  continuing  at  this 
level  until  the  aircraft  descended 
when  the  activity  practically  ceased. 


Fig.  13  Data  Recorded  During  Flight 


A  different  pattern  of  behaviour  was 
recorded  during  the  same  flight  from 
the  sensors  installed  in  the  bay  open 
to  the  atmosphere  (Figure  14)  . 


It  appeared  that  the  de-icing  system 
had  been  activated  shortly  before 
take-off,  allowing  warm  air  to  pass 
through  the  bay  and  resulting  in  a 
small  amount  of  corrosion  activity. 


Fig.  14  Data  Recorded  During  Flight 

During  take-off  there  was  a  sharp 
increase  in  temperature  and  also  in 
corrosion  activity.  The  next  noise 
fluctuations,  approximately  one  hour 
and  three  hours  into  the  flight, 
corresponded  to  those  recorded  in  the 
enclosed  bay.  The  activity  then 
increased  as  the  aircraft  descended 
and  this  activity  was  sustained  for 
about  forty  minutes,  as  indicated  by 
the  ECN  traces  for  probe  6 . 
Corresponding  periods  of  activity 
were  also  recorded  from  the  coated 
sensor,  but  the  activity  was  at  a 
lower  level  than  that  on  the 
environmental  sensor. 

Analysis  of  all  the  data 
collected^^'^' indicated  that 
corrosion  activity  was  generally 
higher  in  the  open  bay  than  in  the 
enclosed  bay.  As  would  be  expected, 
in  both  areas  there  was  a  lower  level 
of  activity  on  the  coated  sensors 
compared  with  the  uncoated 
environmental  sensors . 


10-9 


crrjr~~II\ 

'iri 

*r.'«  Af; 

Art; 
»r  1#  Art! 

OK-SSf-J  'i 


ipp 

-  ^  .,1  -  I-— i.  -  i.  , -i i.  -i-  -I — L- J  _ jl 


-7~g~ 


“StrMir" 


i  .  1.  ,.  t.  ..  i  .  .J . 

□Ail _ _ -  - 

mi - srmtft 

I 

r 

r 

r 


rirri 

1  a:  mu 

1  Ar;  ATA 

-  Aff  JL7A 

1  S»r 


,...) . i—  ,.i..  .. 


"It' 


1  Kt:  mm  i: 

1  m;7.tm  li 

!  mac  sum 

1  air  mm  ; . 

da!  MM  : 


Fig.  15  Data  Recorded  During  Flight 


Data  from  another  flight  is  shown  in 
Figure  15.  An  increase  in  activity 
was  observed  immediately  upon  take¬ 
off,  with  further  significant 
fluctuations  corresponding  to  changes 
in  altitude.  The  effect  of  a  large 
increase  in  temperature  from  the  de¬ 
icing  system  approximately  150 
minutes  into  the  flight  was  to  dry 
out  the  probes .  As  the  probes  dried 
out  and  the  electrolytes  became  more 
concentrated  there  was  a  large 
increase  in  corrosion  activity,  but 
this  soon  reduced  as  the  drying  out 
continued.  A  similar,  but  smaller 
event  was  also  evident  after  a 
further  two  hours  and  there  was  then 
a  reduced  level  of  corrosion  activity 
corresponding  to  the  ascent,  cruise 
and  landing  at  the  end  of  the  flight. 
Over  the  period  monitored,  the  data 
indicated  that  corrosion  activity  on 
the  aircraft  was  generally  very  low, 
but  there  were  rapid  increases  in 
activity  on  take-off  and  a 
correspondingly  rapid  decrease  in 
activity  on  landing.  Corrosion 
activity  increased  during  periods 
when  an  aqueous  film  was  likely  to 
form  on  the  aircraft  surfaces  and  so 
flights  with  a  more  varied  flight 
pattern  tended  to  exhibit  a  higher 
level  of  corrosion  activity.  The 
corrosion  activity  was  relatively 
insignificant  when  the  aircraft  was 
on  the  ground. 


Statistical  analysis  of  the  current 
noise  data  showed  evidence  of 
seasonal  fluctuations,  with  activity 
generally  more  active  during  Winter 
and  early  Spring  compared  with  the 
Summer  months  (see  Figure  16) .  The 
degree  of  localisation  of  the 
corrosion,  measured  as  the  ratio  of 
the  electrochemical  current  noise  to 
the  ZRA  current,  indicated  that  the 
attack  was  initially  fairly  uniform 
but  had  become  more  localised  over 
the  monitoring  period  (see  Figure 
17) .  Based  on  the  long-term  data,  it 
was  estimated  that  the  general 
corrosion  rate  of  the  environmental 
sensors  was  of  the  order  of  20 
microns  per  annum,  but  with  localised 
penetration  probably  becoming  more 
significant . 


ELAPSED  TIME  (DATS) 


Fig.  16  Long-Term  Trend  In 

Electrochemical  Current  Noise 
Data 


Proi„  1  - - - Prob.  2  - * - Pfob*  «  - - P'01-  ^ 


Fig.  17  Long-Term  Trend  In 

Electrochemical  Current  Noise 
Data 
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5 .  CONCLUSIONS 

Laboratory  trials  have  shown  that 
electrochemical  noise  and  impedance 
monitoring  techniques  can  be  used  for 
the  detection  and  characterisation  of 
corrosion  processes,  including  those 
which  precede  the  development  of 
observable  damage.  These  processes 
include  the  degradation  of  protective 
treatments  and  corrosion  activities 
such  as  uniform  attack,  stress 
corrosion  cracking,  pitting  and 
crevice  corrosion. 

Individual  cracking  events  can  be 
detected  and  identified  as  they  occur 
by  electrochemical  noise  monitoring, 
or  the  data  can  be  analysed 
statistically  to  provide  information 
on  overall  trends. 

Installation  of  a  prototype 
monitoring  system  in  an  aircraft  has 
demonstrated  that  such  techniques  can 
be  used  to  continuously  monitor  the 
localised  corrosion  activity 
occurring  in  specific  areas. 
Particular  incidences  of  high 
corrosion  activity,  related  to 
operational  activities,  can  be 
identified  and  estimates  of  the 
degree  of  corrosion  can  be  made, 
based  on  long-term  trends.  The 
techniques  could  therefore  form  the 
basis  for  a  predictive  corrosion 
monitoring  system  for  aircraft,  which 
would  offer  major  advantages  in  terms 
of  safety  and  maintenance  and  repair 
costs . 
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1.  SUMMARY 

An  evaluation  of  the  eddy  current  technique  for  the 
detection  and  depth  assessment  of  corrosion  around  fastener 
holes  in  F-16  lower  wing  skins  is  described.  The  corrosion 
type  in  this  structure  is  pitting  corrosion  at  the  countersink 
edge  of  the  fastener  holes.  Due  to  a  corrosion  clean-up  limit 
of  only  1.5  -  2.5  %,  a  maximum  thickness  reduction  in  the 
range  of  0.08  -  0.32  mm  is  allowed  (depending  on  local 
skin  thickness).  This  specifies  the  needed  sensitivity  for 
in-service  corrosion  inspection. 

In  the  evaluation  use  was  made  of  specimens  cut  out  of  the 
F-16  lower  wing  skin  structure.  In  total  twelve  specimens 
were  exposed  to  an  accelerated  corrosion  test  (EXCO-test). 
Eddy  current  inspection  of  the  specimens  with  installed 
fasteners  was  performed  with  a  standard  eddyscope  and  four 
different  eddy  current  probes.  After  the  eddy  current 
inspection  cross-sections  of  the  twelve  specimens  were  made 
to  determine  the  extent  of  pitting  corrosion  at  the 
countersink  edges. 

After  evaluation  of  the  inspection  results  the  following 
conclusions  can  be  drawn: 

•  For  in-service  detection  of  countersink  edge  corrosion 
standard  visual  inspection  is  the  preferred  technique 
regarding  the  simplicity,  sensitivity  and  reliability  of 
inspection. 

•  For  the  purpose  of  depth  assessment  the  eddy  current 

technique  is  capable  of  detecting  countersink  edge 
corrosion  with  a  depth  from  about  0.1  mm.  Due  to 
the  corrosion  clean-up  limit  of  only  1.5  -  2.5  % 
(0.08  -  0.32  mm),  however,  the  eddy  current 

technique  is  considered  not  applicable  for  in-service 
depth  assessment  of  countersink  edge  corrosion  in 
F-16  lower  wing  skins. 

2.  INTRODUCTION 

F-16  aircraft  are  operational  in  the  Netherlands  since  1979. 
The  aircraft  are  exposed  to  natural  environmental  conditions 
such  as  rain,  seawater,  high  humidity  and  (acid)  pollutants. 
Exposure  to  these  rather  aggressive  conditions  results  in 
corrosion  if  the  corrosion  protection  system  on  the  aircraft 
is  breached  and  unable  to  provide  adequate  protection. 
Although  high  performance  organic  coatings  are  applied  on 
F-16  aircraft  (a  chromate  containing  epoxy  primer  and  a 
high-flexible  polyurethane  topcoat),  corrosion  attack  was 
already  observed  after  a  few  years  of  service.  Two  specific 
regions,  namely  the  lower  wing  skin  and  the  air  intake  inner 
skin,  suffer  from  premature  corrosion  attack.  Especially  the 
occurrence  of  corrosion  in  the  lower  wing  skin  is  serious, 
since  the  corrosion  clean-up  limit  for  this  structure  is  only 


1.5  -  2.5  %  of  the  local  skin  thickness.  Besides,  a  special 
investigation  showed  that  corrosion  can  have  an  effect  on 
fatigue  crack  initiation.  Therefore  it  is  essential  to  detect 
early  corrosion  and  to  take  corrosion-preventive  measures. 

This  paper  describes  an  evaluation  of  the  eddy  current 
technique  for  the  in-service  detection  and  depth  assessment 
of  corrosion  around  fastener  holes  in  the  aluminium  lower 
wing  skins.  The  evaluation  makes  use  of  specimens  cut  out 
of  the  F-16  lower  wing  structure.  Advantages  and 
limitations  of  the  inspection  technique  are  described.  The 
paper  concludes  with  a  guide-line  for  the  in-service 
corrosion  inspection  of  F-16  lower  wing  skins. 

3.  CORROSION  OF  F-16  LOWER  WING  SKIN 

Lower  wing  skin  corrosion  occurs  preferentially  around 
fasteners  when  the  paint  system  has  been  cracked.  Paint 
cracking  around  fasteners  was  already  observed  in  an 
RNLAF  F-16  aircraft  with  a  service  life  of  I'A  years.  It 
was  found  that  cracks  in  the  paint  occurred  on  either  side  of 
the  fasteners  in  the  spanwise  direction  (Fig.  1).  This  can  be 
attributed  to  fastener  tilting  due  to  shear  load  transfer. 
Corrosion  attack  may  initiate  after  paint  cracking,  resulting 
in  paint  blistering,  degradation  of  the  aluminium  countersink 
edge  and  rusting  of  the  fastener  head  if  the  cadmium  plating 
has  previously  been  damaged  (Fig.  2). 

The  aluminium  alloy  used  for  the  lower  wing  skin  is 
chromic-acid  anodized  7475-T7351.  The  T7351  heat 
treatment  (overaged  condition)  makes  the  alloy  resistant  to 
exfoliation  corrosion,  a  type  of  corrosion  that  gave  many 
corrosion  problems  in  e.g.  the  7075-T6  lower  wing  skins  of 
NF-5  aircraft.  However,  7475-T7351  is  prone  to  pitting 
corrosion  and  the  corrosion  process  is  possibly  promoted  by 
galvanic  coupling  with  the  fastener.  This  is  an  interference 
fit  steel  fastener  with  a  cadmium  coating.  Figure  3  shows  a 
cross-section  with  corrosion  attack  (pitting)  at  the 
countersink  edge.  This  concerns  in-service  corrosion  after 
an  operational  life  of  I'A  years.  More  details  about  the 
occurrence  of  F-16  lower  wing  skin  corrosion  are  given  in 
references  1  and  2. 

The  NLR  experience  so  far  with  in-service  corrosion  and 
laboratory  corrosion  tests  on  specimens  from  the  F-16  lower 
wing  skin  is  that  corrosion  attack  under  a  cracked  paint 
system  is  exclusively  restricted  to  countersink  edge 
corrosion.  This  confirms  the  effectiveness  of  wet  installation 
of  fasteners  in  preventing  corrosion  attack  in  the  countersink 
and  the  cylindrical  hole.  This  information  is  important  for 
establishing  suitable  inspection  techniques. 


Paper  presented  at  the  79th  Meeting  of  the  AGARD  Structures  and  Materials  Panel  on  “Corrosion  Detection  and 
Management  of  Advanced  Airframe  Materials"  held  in  Seville,  Spain,  5-6  October  1994. 
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The  occurrence  of  corrosion  in  the  F-16  lower  wing  skin  is 
especially  serious  since  the  corrosion  clean-up  limit  is  only 
1.5  -  2.5  %  of  the  local  skin  thickness  (maximum  depth  of 
damage  after  rework).  When  this  limit  has  been  exceeded 
after  rework,  the  engineering  department  should  be 
consulted  for  further  action.  According  to  the  manufacturer 
this  limit  is  based  on  both  the  static  strength  and  fatigue 
limits  of  the  aircraft  structure.  The  thickness  of  the  F-16 
lower  wing  skin  at  the  relevant  fastener  locations  varies 
from  0.2  inch  (5.1  mm)  at  the  tip  to  0.5  inch  (12.7  mm)  at 
the  wing  root.  A  corrosion  clean-up  limit  of  1.5  -  2.5  % 
results  then  in  a  maximum  thickness  reduction  in  the  range 
of  0.003  inch  to  0.0125  inch  (0.08  -  0.32  mm).  This 
specifies  the  needed  perfonnance  of  the  inspection  technique 
for  the  lower  wing  skin  concerning  reliability  and  accuracy. 

Besides  the  corrosion  clean-up  limit,  another  point  of 
concern  is  that  countersink  edge  corrosion  can  have  an 
effect  on  fatigue  crack  initiation.  In  a  special  investigation 
this  effect  was  determined  for  F-16  lower  wing  skin  joint 
specimens  under  manoeuvre  loading  (Ref.  3).  The 
specimens  in  this  investigation  were  Double  Dogbone  low 
load  transfer  joint  specimens  made  of  7475-T7351 
aluminium  of  thickness  6.3  and  9.6  mm  and  containing  two 
C9570-8  (14  inch)  blind  countersink  fasteners.  The 

specimens  were  corroded  to  corrosion  depths  of  0.15,  0.3 
and  0.5  mm  at  the  countersink  edge.  For  a  specimen 
thickness  of  9.6  mm  no  effect  of  corrosion  attack  on  fatigue 
life  was  observed.  However,  for  the  specimens  of  6.3  mm 
thickness  a  fatigue  life  reduction  occurred  for  all  mentioned 
corrosion  depths.  For  the  corroded  specimens  all  fatigue 
cracks  initiated  on  the  corroded  countersink,  while  the 
uncorroded  specimens  showed  fatigue  crack  initiation  in  the 
cylindrical  part  of  the  countersink  hole.  Examples  of 
fracture  surfaces  are  shown  in  figure  4.  These  observations, 
together  with  the  low  corrosion  clean-up  limit,  emphasizes 
the  need  to  detect  early  corrosion  and  to  take  corrosion- 
preventive  measures. 

4.  NON-DESTRUCTIVE  INSPECTION 

For  the  detection  and  characterization  (sizing  and  depth 
assessment)  of  corrosion  around  fastener  holes  a  number  of 
non-destructive  inspection  (NDI)  techniques  can  be  used 
(Refs.  4-6).  As  mentioned  before,  the  type  of  corrosion 
attack  in  the  F-16  lower  wing  skin  is  pitting  corrosion  at  the 
countersink  edge.  Based  on  this  specific  corrosion  type,  the 
following  recommendations  for  in-service  corrosion 
inspection  can  be  given; 

a)  Corrosion  detection. 

Detection  of  countersink  edge  corrosion  is  preferably 
done  by  simple,  visual  inspection.  The  occurrence  of 
corrosion  is  in  general  accompanied  by  paint-blistering, 
so  visual  inspection  can  also  include  the  monitoring  of 
the  paint  system  condition.  Visual  inspection  has  to  be 
performed  after  aircraft  washing  and  with  adequate 
lighting.  Inspection  must  lead  to  the  indication  of 
areas  worthy  of  closer  attention,  and  to  provide  a 
general  statement  of  yes-or-no  acceptance. 

b)  Corrosion  characterization. 

Characterization  of  countersink  edge  corrosion  will 
include  close  inspection  of  defined  areas  with  more 
sensitive  NDI-equipment.  The  inspection  must  be 
capable  to  detect,  size  and  assess  the  depth  of  the 
corrosion.  For  this  purpose  the  eddy  current  technique 
is  considered  to  be  the  most  suitable  NDl-technique. 


Other  NDI-techniques  currently  in  use  by  the  RNLAF 
(e.g.  penetrant,  radiographic  and  ultrasonic  inspection) 
are  not  considered  applicable  or  suitable  for  this  specific 
corrosion  inspection. 

5.  EDDY  CURRENT  INVESTIGATION 

The  applicability  of  the  eddy  current  technique  for  the 
detection  and  depth  assessment  of  corrosion  around  fastener 
holes  in  F-16  lower  wing  skins  was  evaluated.  Details  of  the 
investigation  are  given  in  reference  7. 

5.1  Specimens 

Twelve  representative  specimens  were  cut  out  of  an  F-16 
lower  wing  skin  (Fig.  5).  The  specimen  material  is 
chromic-acid  anodized  aluminium  alloy  7475-T7351.  All 
specimens  contained  one  interference  fit  steel  fastener 
NAS  4452  with  cadmium  coating.  Six  specimens  with  the 
original  F-16  paint  system  and  six  specimens  with  removed 
paint  system  (removed  with  TURCO-stripper  5469)  were 
exposed  with  different  duration  to  an  accelerated  corrosion 
test  (EXCO-test  conform  to  ASTM  G34-79).  The  exposure 
times  are  given  in  table  1.  A  previous  investigation  (Ref.  1) 
showed  that  this  test  gives  corrosion  attack  comparable  to 
the  corrosion  damage  around  fasteners  observed  in  service. 
The  six  specimens  with  the  original  F-16  paint  system  were 
exposed  with  installed  fasteners.  Along  the  countersink  edge 
the  paint  system  was  mechanically  removed  to  promote 
corrosion  attack.  The  specimens  without  paint  system  were 
exposed  without  fasteners.  To  prevent  severe  overall 
corrosion  the  specimens  were  sealed  with  wax  except  for  an 
area  of  about  1  mm  from  the  countersink  edge  in  the 
direction  of  both  the  countersink  and  the  skin  surface. 

5.2  Eddy  current  inspection 

In  the  evaluation  of  the  eddy  current  technique  for  the 
purpose  of  in-service  corrosion  inspection,  the  following 
conditions  were  made: 

•  Use  of  standard  equipment.  Therefore  only  manual 
inspection  with  commercially  available  probes,  and  no 
automated  in-situ  C-scanning  technique,  was  considered. 

•  Local  inspection  with  high  sensitivity  of  the  aluminium- 
fastener  area.  Therefore  only  small  diameter  probes  and 
no  probes  that  view  a  larger  area,  such  as  sliding 
probes  and  rotating  surface  probes,  were  considered. 

In  view  of  these  conditions,  eddy  current  inspection  was 
carried  out  with  a  standard  phase  analysis  eddyscope 
(NORTEC-19e"  of  Staveley  Instruments  Inc.)  and  the 
following  four  eddy  current  probes: 

•  NORTEC  3551  F  (Stavely  Instruments  Inc.). 

This  is  a  standard  absolute  shielded  pencil-probe  with  a 
frequency  range  of  100  kHz  -  500  kHz.  The  probe  outer 
diameter  is  3.5  mm;  the  shielded  coil  has  an  effective 
sensitive  area  approximately  2  mm  in  diameter. 

•  NORTEC  PR/1  kHz  -  100  kHz/A  (Stavely  Instruments 
Inc.). 

This  is  a  reflection  absolute  shielded  pencil-probe  with  a 
frequency  range  of  1  kHz  -  100  kHz.  The  probe  outer 
diameter  is  6.3  mm;  the  shielded  coil  has  an  effective 
sensitive  area  approximately  2  mm  in  diameter. 

•  AN05-3  (EMA-Elcktronik). 

This  is  an  absolute  shielded  probe  with  a  frequency 
range  of  10  kHz  -  2  MHz.  The  probe  outer  diameter  is 
7  mm;  the  shielded  coil  has  an  effective  sensitive  area 
of  approximately  0.8  x  1  mm^. 
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•  AN16-2  (EMA-Elektronik). 

This  is  an  absolute  shielded  probe  with  a  frequency 
range  of  10  kHz  -  1  MHz  .  The  probe  outer  diameter  is 
7  mm;  the  shielded  coil  has  an  effective  sensitive  area 
of  approximately  1x2  mm^. 

The  first  two  probes  are  standard  probes  comparable  with 
those  currently  used  by  the  RNLAF.  Eddy  eurrent  probes 
AN 05-3  and  AN  16-2  are  special  probes  developed  for 
quantitative  assessment  of  surface  corrosion  (Ref.  8).  The 
design  of  these  probes  is  so  that  there  is  no  area  with 
reduced  sensitivity  at  the  probe  centre  (so-called  blind  spot 
in  the  flux  distribution). 

In  the  investigation  the  probes  were  scanned  along  the  line 
of  cross-sections  A,  as  indicated  in  figure  6.  During  tlie 
eddy  current  inspection  also  the  specimens  corroded  without 
installed  fasteners  were  provided  with  fasteners.  The  eddy 
current  responses  of  the  aluminium-fastener  transition  were 
subsequently  compared  for  the  different  specimens.  For  all 
inspections  also  the  eddy  current  responses  of  lift-off  and 
edge-effect  were  observed.  To  optimalize  the  eddy  current 
response  for  corrosion  detection  different  test  frequencies  in 
the  range  of  100  kHz  -  2  MHz  have  been  applied.  For 
aluminium  alloy  7475-T7351  (conductivity  42  %  I  ACS) 
these  frequencies  result  in  a  standard  depth  of  penetration  5 
of  0.07  mm  (at  frequency  2  MHz)  to  0.32  mm  (at 
frequency  100  kHz).  In  general  the  effective  depth  of 
penetration  wUl  be  about  three  times  these  values. 

5.3  Inspection  results 

Twelve  specimens  were  exposed  with  different  duration  to 
an  EXCO-solution  (Tab.  1).  After  the  EXCO-test  the 
specimens  were  photographed,  see  for  example  figure  6  for 
specimens  lA,  3A,  4A  and  6A.  Figure  6  shows  a  corrosion 
attack  comparable  to  the  corrosion  damage  around  fasteners 


Table  1  Corrosion  attack  as  determined  from  cross-sections 


SPECIMEN 

NUMBER 

PROTECTION 

EXCO 

EXPOSURE 

TIME 

(HOURS) 

CORROSION  ATTACK  (MM) 

SIDE  A 

SIDE  B 

I 

2 

3 

1 

2 

3 

1 

S 

0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

lA 

FP 

0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

2 

S 

2 

0.73 

0.0 

0.08 

0.21 

2A 

FP 

2 

0.14 

0.12 

0.0 

0.0 

3 

S 

4 

n 

n 

WBi 

0.11 

ra 

■■ 

3A 

FP 

4 

Ha 

0.22 

US 

4 

S 

8 

0.36 

1.88 

0.38 

WBM 

1.50 

0.30 

4A 

FP 

8 

0.31 

0.32 

0.36 

0.22 

5 

S 

WSM 

1.64 

0.56 

2.32 

5A 

FP 

IBI 

0.42 

0.80 

6 

S 

32 

1.16 

■9 

6A 

FP 

32 

B9 

S  Sealant  on  anodised  surface  and  in  countersink 
FP  Fastener  +  Paint  system 


observed  in  service.  Visual  inspection  of  all  specimens 
showed  corrosion  attack  for  an  exposure  time  from  4  hours 
(specimen  3A)  for  the  specimens  with  paint  system,  and 
corrosion  attack  for  an  exposure  time  from  2  hours 
(specimen  2)  for  the  specimens  with  removed  paint  system. 

After  visual  inspection  the  twelve  specimens  were  inspected 
with  four  eddy  current  probes  according  to  the  procedure 
given  in  section  5.2.  A  detailed  description  of  the  inspection 
results  is  given  in  reference  7.  In  summary  we  can  say  that 
the  standard  absolute  shielded  pencil-probe 
NORTEC  3551  F  shows  the  best  capability  for  the  deteetion 
of  corrosion  around  the  steel  fasteners  in  the  F-16 
aluminium  lower  wing  skin  structure.  The  optimum 
frequency  for  corrosion  detection  with  this  probe  is 
approximately  200  kHz.  At  this  frequency  clearly  different 
eddy  current  responses  of  the  aluminium-fastener  transition, 
indicating  the  presence  of  countersink  edge  corrosion,  are 
observed  for  specimens  4  A  (with  paint  system)  and 
specimen  2  (paint  system  removed).  For  specimens  with 
longer  EXCO  exposure  times  the  difference  in  fastener 
response  is  increasing.  Figure  7  gives  some  examples  of  the 
eddy  current  responses  observed  for  the  standard  probe 
NORTEC  3551  F. 

The  special  probes  AN05-3  and  AN16-2  show  some 
capability  for  corrosion  detection.  Of  the  two  probes  the 
AN05-3  probe  working  at  a  frequency  of  approximately 
1000  kHz  has  the  best  performance.  In  comparison  with  the 
standard  probe  NORTEC  3551  F,  however,  the  applicability 
for  corrosion  detection  is  less  promising. 

After  the  eddy  current  inspection  cross-sections  of  the 
twelve  specimens  were  made  along  the  line  A-B  as  indicated 
in  figure  6.  The  cross-sections  show  pitting  corrosion  (no 
indication  of  exfoliation  corrosion)  at  the  countersink  edges. 
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For  both  the  specimens  with  and  without  the  F-16  paint 
system  there  is  corrosion  attack  for  an  EXCO  exposure  time 
from  2  hours  (specimens  2A  and  2).  For  longer  EXCO 
exposure  times  the  degree  of  corrosion  attack  is  clearly 
increasing.  The  cross-sections  of  the  type  A  specimens 
further  show  that  the  corrosion  attack  is  restricted  to  the 
countersink  edges,  indicating  an  optimum  sealing  of  the 
countersink  by  the  wet  installation  of  the  fasteners. 

To  enable  a  more  quantitative  comparison  of  the  corrosion 
attack  for  the  different  specimens,  the  extent  of  corrosion 
attack  was  measured  at  the  countersink  sides  A  and  B  in  the 
cross-sections.  More  specifically,  the  radial  length  of  the 
corrosion  attack  along  the  skin  surface  and  the  depths  of  the 
corrosion  attack  in  the  skin  surface  and  in  the  countersink 
surface  were  measured  (Tab.  1).  The  values  in  table  1 
clearly  show  the  increasing  degree  of  corrosion  attack  for 
increasing  exposure  times  to  the  EXCO-solution.  This 
increase  can  be  observed  for  all  three  length  and  depth 
measures,  and  for  both  the  specimens  with  and  without  the 
F-16  paint  system. 

5.4  Discussion 

Evaluation  of  the  inspection  techniques  for  the  purpose  of 
corrosion  detection  shows  that  visual  inspection  is  more 
sensitive  than  eddy  current  inspection.  With  visual 
inspection  only  the  corrosion  attack  of  the  painted  specimen 
with  an  EXCO  exposure  time  of  2  hours  was  not  detected. 
Besides  the  higher  sensitivity  visual  inspection  is  also  easier 
to  perform,  takes  less  inspection  time  and  probably  has 
higher  reliability  for  in-service  corrosion  detection  than  the 
eddy  current  inspection  technique. 

For  the  purpose  of  corrosion  characterization,  and 
especially  for  depth  assessment,  visual  inspection  is  not 
suited.  For  this  purpose  the  eddy  current  technique  is 
considered  to  be  the  most  suitable  NDI-technique.  As 
mentioned  before,  evaluation  of  different  eddy  current 
probes  resulted  in  an  optimum  corrosion  detection  capability 
for  the  standard  absolute  shielded  pencil-probe  at  a  test 
frequency  of  about  200  kHz.  To  quantify  these  inspection 
results  the  deviation  in  the  eddy  current  response  of  the 
aluminium-fastener  transition  has  been  plotted  against  the 
corrosion  depth  (Tab.  1,  side  A,  measure  1)  in  figure  8. 
The  deviation  (D),  defined  as  the  distance  between  the  lines 
of  fastener  response  for  specimens  with  and  without 
corrosion,  is  expressed  in  arbitrary  units. 

Figure  8  shows  that  there  is  a  reasonable  correlation 
between  the  deviation  in  the  eddy  current  response  and  the 
corrosion  depth.  Further,  the  corrosion  detection  capability 
is  best,  as  expected,  for  the  specimens  1  to  6  with  removed 
paint  system.  To  provide  an  estimate  of  the  sensitivity  of 
the  eddy  current  technique  for  corrosion  depth  assessment, 
the  sensitivity  is  set  to  correspond  to  a  deviation  D  equal  to 
0.5.  The  graphs  in  figure  8  then  show  that  this  sensitivity  is 
roughly  0.2  mm  for  specimens  with  paint  system  and 
roughly  0.1  mm  for  specimens  with  removed  paint  system. 
We  can  conclude  that  the  eddy  current  technique  has  a  high 
sensitivity  for  corrosion  depth  assessment.  However,  if  we 
regard  a  conservative  value  of  0.08  mm  for  the  corrosion 
clean-up  limit  in  the  thin  sections  of  the  F-16  lower  wing 
skin,  then  the  sensitivity  of  the  eddy  current  technique  is 
considered  not  sufficient. 

6.  IN-SERVICE  CORROSION  INSPECTION 

Summarizing  the  results  of  the  eddy  current  investigation 


we  can  say  that  for  in-service  detection  of  countersink  edge 
corrosion  around  the  fastener  holes  in  the  F-16  lower  wing 
skin,  standard  visual  inspection  is  the  preferred  technique. 
Further,  despite  the  high  sensitivity  of  the  eddy  current 
technique,  the  corrosion  clean-up  limit  of  only  1.5  -  2.5  % 
is  the  main  reason  that  the  eddy  current  technique  is 
considered  not  applicable  for  in-service  depth  assessment  of 
countersink  edge  corrosion  in  F-16  lower  wing  skins.  For 
the  same  reason  also  other  NDI-techniques  are  considered 
not  applicable.  This  leaves  few  alternatives  for  in-service 
corrosion  inspection.  The  following  guide-lines  can  hence 
be  given; 

•  Visual  inspection  around  fastener  holes. 

•  Local  removal  of  paint  system  after  visual  detection  of 
corrosion. 

•  Mechanical  removal  of  aU  corrosion  presence  in  view 
of  the  clean-up  limit  of  only  1.5  -  2.5  %. 

•  Measurement  of  remaining  skin  thickness  to  check 
whether  the  corrosion  clean-up  limit  has  been  exceeded 
or  not.  Thickness  gauging  can  be  done  e.g.  with  a  high- 
precision  ultrasonic  contact  pencil  transducer  or  more 
simply  with  a  dial-indicating  depth  micrometer. 

•  Consultation  of  the  engineering  department  in  case  of 
local  exceedance  of  the  corrosion  clean-up  limit. 

7.  CONCLUSIONS 

Based  on  an  investigation  into  the  applicability  of  the  eddy 
current  technique  for  the  detection  and  depth  assessment  of 
corrosion  around  fastener  holes  in  F-16  lower  wing  skins, 
the  following  conclusions  are  reached; 

1.  The  corrosion  type  in  F-16  lower  wing  skins  is  pitting 
corrosion  at  the  countersink  edge  of  fastener  holes. 

2.  The  corrosion  clean-up  limit  of  1.5  -  2.5  %  for  F-16 
lower  wing  skins  results  in  a  maximum  thickness 
reduction  in  the  range  of  0.08  -0.32  mm,  depending  on 
local  skin  thickness.  This  specifies  the  needed 
sensitivity  for  in-service  corrosion  inspection. 

3.  For  in-service  detection  of  countersink  edge  corrosion 
standard  visual  inspection  is  the  preferred  technique 
regarding  the  simplicity,  sensitivity  and  reliability  of 
inspection. 

4.  For  in-service  characterization  (especially  depth 
assessment)  of  countersink  edge  corrosion  by  means  of 
eddy  current  inspection  the  optimum  performance  was 
demonstrated  by  a  standard  absolute  shielded  pencil- 
probe  at  a  test  frequency  of  about  200  kHz.  This  probe 
is  capable  of  detecting  countersink  edge  corrosion  with 
a  depth  from  about  0.2  mm  for  specimens  with  paint 
system  and  about  0.1  mm  for  specimens  with  removed 
paint  system.  The  inspection  results  of  this  probe  show 
a  reasonable  correlation  between  the  deviation  in  the 
eddy  current  response  of  the  aluminium-fastener 
transition  and  the  corrosion  depth. 

5.  Despite  the  high  sensitivity  of  the  eddy  current 
technique  the  corrosion  clean-up  limit  of  only  1.5  - 
2.5  %  (0.08  -  0.32  mm)  is  the  main  reason  that  the 
eddy  current  technique  is  considered  not  applicable  for 
in-service  depth  assessment  of  countersink  edge 
corrosion  in  F-16  lower  wing  skins. 
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paint  cracking 


Upward  view  of  fastener  row  on  lower  wing  skin 


Fig.  1  Paint  cracking  in  highiy  loaded  components  attributed  to  tilting  of  the  fasteners  due  to  shear  load  transfer 


cracked  paint 


countersink 


5  mm 


Fig.  2  Start  of  in-service  corrosion  at  locations  where 
the  paint-system  is  cracked 


Fig.  3  Corrosion  attack  in  countersink  edge  under 
cracked  paint  system 


Fig.  4  Examples  of  fatigue  crack  initiation  in  uncorroded  and  corroded  joint  specimens 
(half  specimen  thickness  6.3  mm).  [Figure  12  from  Ref.  3] 


Fig.  5  Test  specimen  from  F-16  lower  wing  skin 
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®  Fastener  :  NAS  4452  H-type,  Interference 

fit  steel  fastener  with  cadmium  coating, 
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1/4  inch  or  5/16  inch  diameter  hole 

®  EXCO  test  :  Conform  to  ASTM  G34-79 
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Fig.  6  Corrosion  attack  in  F-16  lower  wing  skin  specimens  (with  paint  system)  after  exposure  to  an 
EXCO-solution  (conform  to  ASTM  G34-79) 
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IN-SITU  DETECTION  OF  SURFACE  PASSIVATION  OR  ACTIVATION  AND  OF 
LOCALIZED  CORROSION:  EXPERIENCES  AND  PROSPECTIVES  IN  AIRCRAFT 


A.Pourbaix 

CEBELCOR,  Belgian  Center  for  Corrosion  Study 
Avenue  Paul  Heger,  grille  2,  B  1050  Brussels 


SUMMARY 

The  surveillance  of  the  actual  conditions  of 
materials  in  aircrafts  and  the  analysis  of  the 
influence  of  flight  or  standby  conditions 
require  detection  methods  that  give 
quantitative  and  instantaneous  results  and 
that  are  related  to  the  real  degradation 
process.  Electrochemical  methods  derived 
fi’om  methods  used  in  laboratory  have  proven 
to  be  of  interest.  The  scientific  concepts  and 
the  instrumentation  are  generally  easily 
applicable  to  field  conditions;  some  effort  is 
necessary  to  develop  relevant  sensors. 

The  first  example  applies  to  the  phosphating 
of  carbon  steels  before  painting.  The 
characterization  of  surface  passivation  or 
reactivity  can  be  of  interest  before  and  during 
the  surface  conversion  processes.  The  second 
exampleapplies  to  the  detection  of  crevice 
corrosion,  as  may  occur  in  riveted  joints. 

1.  INTRODUCTION 

1 . 1  Quality  control  of  surface  preparation 
before  anticorrosive  protection  is  important. 
Surface  conversion  and  coating  with  paints 
are  classical  operations  but  still,  this  is  a 
recognized  need  for  reliable  methods  to 
describe  the  quality  of  the  surface. 


One  example  will  be  presented,  on  the 
surface  preparation  of  carbon  steel  before 
phosphating. 

1.2  The  surveillance  of  on-going  corrosion 
processes  in  aircrafts  and  the  analysis  of  the 
influence  of  flight  or  standby  conditions 
require  detection  methods  that  give 
quantitative  and  instantaneous  results  and 
that  are  related  to  the  real  degradation 
process. 

Electrochemical  methods  derived  from 
techniques  used  in  laboratory  have  proven  to 
be  of  interest  for  crevice  corroion,  as  may 
occur  at  riveted  joints.  An  example  will  be 
given,  taken  from  an  on-line  application  in 
the  chemical  industry. 


2.  ASSESSMENT  OF  SURFACE 
REACTIVITY  BEFORE  SURFACE 
CONVERSION 

2. 1  Field  of  application; 

The  method  was  originally  proposed  for 
assessing  the  surface  reactivity  of  cold  rolled 
steel  sheets  before  phosphatizing.  The 
method  is  useful  to  assess  differences  of 
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surface  reactivity  which  may  result  from 
carbonaceous  residues,  from  surface 
segregation  of  iron  oxides  or  manganese 
oxides,  from  alloying  elements  (P,  Nb,  N) 
and  from  different  annealing  treatments, 
storage  conditions,  surface  contaminations 
and  degreasing  treatments.  Surface  reactivity 
is  considered  here  as  a  capability  for  a 
surface  to  react  at  the  same  rate  and  after  the 
same  incubation  time  at  all  place. 

2.2  Scientific  base 

The  phosphating  process  starts  with  a 
dissolution  of  the  oxides,  then  of  the  base 
metal.  During  the  dissolution  of  the  metal, 
hydrogen  is  evolved  and  the  pH  increases 
near  the  surface.  This  results  in  the 
precipitation  of  2dnc  phosphates  or,  in  cases, 
also  of  iron  and  manganese  phosphates. 

For  a  good  quality  of  the  phosphated 
products,  it  is  important  that  the  dissolution 
of  the  steel  and  the  subsequent  formation  of 
the  phosphate  layer  take  place  everywhere  at 
the  same  time  and  at  the  same  rate. 

Otherwise,  active  spots  coexist  with  small 
areas  already  covered  with  phosphate,  and 
this  counteracts  the  beneficial  effect  of  the 
oxidizing  additives  present  in  most 
phosphating  solutions. 

Attempts  were  made  to  use  electrochemical 
impedance  spectroscopy  and  scanning 
potential  mapping  to  describe  the  reactivity 
at  every  point  of  the  surface,  but  at  the  time 
of  this  study,  it  was  found  easier  and  cheaper 
to  develop  a  method  based  on  more  classical 
electochemical  techniques. 

In  the  method  eventually  developed,  the 
zero-current  potential  measurement  is  user  to 
indicate  the  dissolution  of  surface  oxides  and 
the  beginning  of  the  dissolution  of  the  base 
metal,  and  polarization  resistance 
measurements  indicate  the  amount  and  the 
distribution  of  the  surfaces  concerned  with 


this  dissolution  and  the  coverage  given  by  the 
phosphate  layer. 

2.3  Materials  and  method 

The  measurements  were  made  in  a  standard 
phosphatizing  solution  (zinc  phosphate,  pH 
2.75,  free  acidity  12.5  nd  NaOH  IN  for  100 
ml  and  total  acidity  22  mpl  NaOH  IN  for  100 
ml,  with  nitrites  and  nitrates  as  accelerators. 
Reference:  Granodine  164-Cebelcor). 

The  method  was  tested  on  a  series  of  20 
different  steels  of  different  compositions  or 
annealed  in  different  atmospheres  (DX  gas: 
CH4  +  CO  +  C02  +  H2  +  N2  or  HNX  gas: 
H2  +  N2)  (1,2).  The  responses  to  the 
electrochemical  tests  were  compared  with  the 
results  of  salt  spray  tests  on  phosphated, 
painted  and  scratched  panels,  as  is  usually 
done  for  the  evaluation  of  phosphate 
coatings. 

Polarization  resistance  is  measured  under 
galvanostatic  control,  to  allow  for  the  free 
potential  changes  that  occur  inevitably  during 
the  phosphatation  reactions.  The  polarization 
cycle  used  was  0.5  Hz  and  the  potential 
increment  AE  was  limited  to  10  mV.  A  cell 
attached  to  the  steel  sheet  with  magnets  is 
convenient  for  control  on  car  assembly  lines. 

2.4  Results 

Figure  1  shows,  on  the  left  part,  the  results 
for  a  steel  with  an  heterogeneous  surface 
with  a  low  reactivity:  it  takes  some  time  for 
the  oxide  to  be  dissolved  and  for  the 
potential  to  drop,  and  the  final  phosphate 
layer  coverage,  measured  by  the  polarization 
resistance,  is  rather  poor. 

The  right-hand  side  of  figure  1  shows  the 
results  for  a  very  reactive  steel:  the  oxides 
are  quickly  dissolved,  as  indicated  by  the 
immediate  drop  of  the  potential,  and  the  final 
coverage  is  good,  as  indicated  by  the  high 
value  of  the  polarization  resistance. 
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It  was  interesting  to  observe  the  large 
difference  in  reactivation  time  for  the  20 
steels  tested:  from  1  to  200  s.  Among  the  20 
different  coils  tested,  the  worst  steel  in  terms 
of  surface  reactivity  was  also  the  first  to  fail 
in  the  salt  spray  test. 

The  selectivity  of  the  electrochemical 
reactivity  test  was  much  better  than  that  of 
the  salt  spray  test.  It  is  thought  that  the 
electrochemical  reactivity  tests  deals  exactly 
with  the  phosphating  process  and  that,  as 
such,  it  is  a  sound  test  to  appraise  the  quality 
of  the  surface  preparation. 

2.5  Application  to  aircrafts 

Similar  methods  may  be  used  to  control 
pickling  and  other  surface  preparation.  The 
preparation  of  aluminium  before  painting  by 
solutions  containing  chromic  or  phosphoric 
acid  produce  a  complex  layer  of  small 
thickness  (1-5  pm)  that  has  a  significant 
effect,  on  the  performances  of  the  coating,  but 
which  is  difhcult  to  describe  by  physical  or 
chemical  methods.  An  electrochemical 
method  such  as  described  for  the  phosphating 
of  steel  could  be  a  valid  tool  to  evaluate  the 
quality  of  this  conversion  layer. 

3.  DETECTION  OF  CREVICE 
CORROSION 

3.1  Field  of  application 

Crevice  corrosion  is  of  special  concern  in 
riveted  joints  of  aircrafts 

3.2  Scientific  base 

The  mechanism  of  crevice  corrosion  in 
restricted  geometries  such  as  rivets,  gaskets 
or  deposits  is  well  known;  the  access  of 
oxygen  is  limited  locally  and,  on  passive 
metals,  the  absence  of  oxygen  favours 


depassivation  and  may  initiate  crevice 
corrosion.  Once  this  process  has  started,  it  is 
sustained  by  the  coupling  between  passive 
areas  (outside  the  crevice)  and  active  areas 
(inside  the  crevice),  by  the  formation  and  the 
hydrolysis  of  metal  ions  and  by  the  diffusion 
of  anions  towards  the  crevice,  to  balance  the 
production  of  positive  ions.  These  anions  are 
mostly  chlorides,  which  in  turn  increase  the 
depassivation  effect.  As  a  result,  a  specific 
environment  builds  up  in  the  crevice,  with  a 
low  pH  and  a  high  chloride  content  and  a  low 
electrode  potential,  whereas  the  potential 
outside  the  crevice  may  be  much  higher.  The 
coupling  current  between  the  crevice  area 
and  the  surrounding  surfaces  is  an  indication 
of  the  activity  of  crevice  corrosion. 

3.3  Materials  and  methods 

Systems  for  the  detection  of  crevice 
corrosion  have  been  developed  where  an 
artificial  crevice  is  connected  to  a  large 
cathode  through  a  zero-resistance  ammeter. 
Systems  where  the  cathode  is  the  actual 
surface  of  the  real  structure  are  particularly 
relevant  to  the  real  situation.  The  geometry 
of  the  artificial  crevice  should  of  course  be 
similar  to  the  real  situation;  this  may 
sometimes  be  the  difficult  part  of  the 
development. 

One  interesting  application  was  in  a  plant  for 
the  bioproduction  of  amino  acids.  Different 
raw  products  were  used;  sugar  beat  molasses 
or  starch.  Severe  crevice  corrosion  occurred 
in  the  crevice  areas  of  multiple  effects 
concentrators.  Apparently,  crevice  corrosion 
was  more  severe  when  the  cheaper  raw 
product,  with  a  higher  chloride  content,  was 
used.  To  verify  this,  a  crevice  corrosion 
monitoring  cell  was  installed  on-line.  The 
output  of  the  monitoring  cell  was  the 
electrode  potential  in  the  crevice,  the 
electrode  potential  of  the  cathode  and  the 
coupling  current  (figure  2).  This  system 
showed  not  only  the  influence  of  the  chloride 
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content  of  the  raw  product,  but  also  the 
influence  of  specific  operating  conditions 
such  as  cooling  periods  and  cleaning 
operations:  during  cooling  periods,  the 
amount  of  dissolved  oxygen  increases  and 
this  increases  the  electrode  potential  of  the 
cathode  and  the  coupling  current.  Cleaning 
was  obviously  made  with  oxidizing 
disinfectants,  and  this  had  the  same  but 
stronger  effect. 

3.4  Application  to  aircrafts 

Localized  corrosion  is  a  problem  at  riveted 
joints.  The  metal  to  metal  crevice  at  riveted 
joints  can  be  reproduced;  only  the  opening  of 
the  crevice  should  be  exposed  to  the 
environment,  the  rest  of  the  anode  being 
masked  by  epoxy.  This  anode  is  then  installed 
in  the  middle  of  a  large  cathode,  electrically 
isolated  from  it,  except  for  the  connection  to 
the  zero-resistance  ammeter.  In  conditions  of 
exposures  to  atmospheres,  a  thin  film  of 
condensation,  rain  or  brine  wets  both  the 
crevice  and  the  cathode  and  allows  for  a 
coupling  current  to  flow  when  crevice 
corrosion  is  active. 

This  detection  system  can  deliver 
instantaneous  data;  it  may  be  useful  to 


indicate  the  periods  of  flights  that  are  critical 
for  crevice  corrosion;  flights  in  sea-brine, 
remanence  period  of  earlier  flights  in  brine, 
effects  of  rinsing. 
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Figure  1 :  Results  of  electrochemical  tests  for  surface  reactivity  of  carbon  steel  before  phosphating 
left;  heterogeneous  surface  with  low  reactivity  -  right;  highly  reactive  surface 


Figure  2;  On-line  cell  for  monitoring  crevice  corrosion,  and  example  of  results  showing  the 
occurrence  of  crevice  corrosion  during  cooling  and  cleaning  periods 
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SUMMARY 

A  study  was  conducted  to  identify  whether 
life  prediction  of  high  strength  aluminium 
alloys  for  aircrafts  can  be  determined  from 
short  term  accelerated  atmospheric  corrosion 
tests.  The  method  used  is  a  wet  and  dry 
method  with  electrochemical  measurements 
to  characterize  the  formation  or  destruction 
of  passive  layers.  The  materials  tested  include 
high  strength  steel  4130,  precipitation 
hardening  15-7  Mo-PH  steel  and  aluminium 
alloys  6061,  7075  and  2024  with  different 
heat  treatments  and  surface  conditions.  It 
appears  that  the  ranking  of  different  A1  alloys 
depends  on  the  type  of  atmosphere  (chloride, 
acid).  The  method  also  clearly  showed  the 
detrimental  effect  of  chromated  cadmium 
plating  on  the  hydrogen  embrittlement  of 
high  strength  steel. 

Corrosion  processes  of  aluminium  and  high 
strength  steels  were  clearly  identified  and 
useful  recommendations  could  be  derived 
from  such  tests. 


1.  AIM  OF  THE  WORK 

A  study  was  conducted  to  identify  whether 
life  prediction  of  high  strength  aluminium 
alloys  for  aircrafts  can  be  determined  from 


short  term  accelerated  atmospheric  corrosion 
tests. 


2.  MATERIALS  AND  METHODS 

The  method  used  is  a  wet  and  dry  method 
with  electrochemical  measurements  to 
characterize  the  formation  or  destruction  of 
passive  layers  (figure  1)  (1).  The  test 
solutions  are: 

-  distilled  water  exposed  to  air  (pH  around 
5.7)  to  simulate  non  polluted  land  (rural) 
atmospheres 

-  NaHS03  10"^M  and  lO'^M  solutions  with 
different  pH  (adjusted  with  H2SO4)  to 
simulate  industrial  atmospheres  and  acid 
rains,  with  pH  around  4.0,  3.5  and  3.2 

-  artificial  sea  water  diluted  100  times,  to 
simulate  marine  atmospheres 

-  sea  water  diluted  100  times  +  NaHS03  10" 
^M  adjusted  to  pH  3.2,  to  simulate  mixed 
marine-industrial  atmospheres. 

The  cycle  duration  was  60  min,  with  15  or  40 
min  immersion  and  45  or  20  min  emersion, 
and  a  drying  temperature  of  40  to  60°C.  The 
test  solution  is  aerated  and  continuously 
renewed  at  a  low  flow  rate. 

The  materials  tested  include  aluminium  and 
and  aluminium  alloys  6061,  7075  and  2024 
with  different  heat  treatments  and  surface 


Paper  presented  at  the  79th  Meeting  of  the  AGARD  Structures  and  Materials  Panel  on  "Corrosion  Detection  and 
Management  of  Advanced  Airframe  Materials”  held  in  Seville,  Spain,  5-6  October  1994. 


13-2 


conditions,  and  high  strength  steel  4130  and 
precipitation  hardening  1 5-7  Mo-PH  steel. 

The  results  of  the  tests  are  given  as  changes 
of  electrode  potential  during  immersion  with 
time,  the  aspect  of  corrosion  (pits,  depths, 
intergranular...)  and  the  weight  losses. 


3.  RESULTS 

Interesting  results  are  summarized  as  follows; 

-  the  absence  of  corrosion  is  indicated  by 
high  potentials  throughout  the  test  (example: 
figure  2, 

for  Al-Mn  alloy  3 103-H24  in  clean 
atmosphere) 

-  general  corrosion  is  indicated  by  potential 
lower  than  the  hydrogen/water  equilibrium 
potential  (example:  figure  3,  for  Al-Mn  alloy 
3103-H24  in  industrial  atmosphere) 

-  pitting  corrosion  is  also  indicated  by  low 
potentials  (example:  figure  4,  for  Al-Mn  alloy 
3103-H24  in  marine  atmosphere) 

-  Al-Zn  alloys  7075-T6  is  Imown  to  suffer 
occasionally  from  exfoliation,  and  this  is  not 
the  case  for  the  same  alloy  in  the  T73  temper. 
A  clear  difference  appeared  between  these 
two  tempers:  the  7075-T6  alloy  shows 
potentials  lower  than  the  hydrogen/water 
equilibrium  potential,  whereas  the  alloy 
7075-T73  showed  potentials  higher  than  the 
hydrogen/water  potential  (figures  5  and  6). 

-  the  interpretation  of  electrode  potentials  for 
the  case  of  Al-Cu  alloys  is  more  complex: 
local  redeposition  of  copper  produces  high 
potentials  which  may  be  confused  with  an 
indication  of  no-corrosion,  although  these 
alloys  are  highly  susceptible  to  pitting 
corrosion  (and  to  intergranular  corrosion  at 
the  bittom  of  pits). 

-  in  spite  of  the  chromatation  treatment,  the 
cadmium  coating  on  4130  and  15-7  Mo-PH 
high  strength  steels  lowers  the  potential 
below  the  hydrogen  potential,  and  this  may 
be  dangerous  for  the  hydrogen  embrittlement 
of  the  4130  steel  (figures  7  and  8).  In  mixed 


marine  +  industrial  atmosphere,  the 
chromated  coating  has  been  completely 
dissolved  after  about  12  days  of  test,  as 
shown  in  figure  8.  This  raises  questions  on 
the  justification  for  this  surface  tretament  on 
high  strength  steels. 

More  results  are  described  in  (2). 


4.  PROSPECTIVE  FOR  AIRCRAFT 
APPLICATIONS 

The  method  is  useful  and  fast  for  the 
selection  of  materials  and  for  the  study  of 
different  environmental  conditions.  The 
results  confirmed  the  well-known  advantage 
of  7073-T73  over  7973-76  for  resistance  to 
intergranular  and  exfoliation  corrosion,  but  it 
seems  that  this  advantage  is  more 
pronounced  in  acid  rains  than  in  marine 
conditions.  The  ranking  of  different  high- 
strength  A1  alloys  depends  on  the  type  of 
atmosphere  (chloride  or  acid).  The 
accelerated  method  described  is  convenient 
to  study  the  influence  of  the  many  factors 
that  influence  corrosion  resistance.  The 
method  also  clearly  showed  the  detrimental 
effect  of  chromated  cadmium  plating  on  the 
hydrogen  embrittlement  of  high  strength 
steel. 
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Figure  1 ;  Detail  of  an  individual  cell  of  the  accelerated  test  unit  for  atmospheric  corrosion 
1.  sample  4:  test  solution  5;  air  6:  reference  electrode 
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Figure  2:  E-t  curve  for  3103 -H24 
in  rural  atmosphere 


Figure  3:  E-t  curve  for  3 103-H24 
in  industrial  atmosphere 
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Figure  4:  E-t  curve  for  3 103-H24 
in  marine  atmosphere 


Figure  5;  E-t  curves  for  7075-T6 
in  idustrial  atmosphere 


Figure  6:  E-t  curve  for  7075-T73 
in  idustrial  atmosphere 


Figure  7:  E-t  curves  for  cadmium  coated 
and  for  polished  15-7  Mo-PH 
in  rural  atmosphere 


Figure  8;  E-t  curve  for  cadmium  coated 
15-7  Mo-PH  steel  in  industrial 
atmosphere 
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0.  SUMMARY 

Assembly  of  carbon  fibre  composites 
(CFC)  and  aluminium  stractures  shall  be 
avoided  in  unprotected  conditions.  The 
more  noble  CFC  could  cause  fatal  galvanic 
corrosion  on  the  aluminium  part.  Adequate 
protection  methods  for  electrical  isolation 
of  these  dissimilar  materials  shall  be 
adopted. 

Adhesion  of  the  coatings  on  both  the  CFC 
and  aluminium  substrate  during  exposure 
to  the  simulated  fuel  tank  environment  is 
an  essential  requirement  for  corrosion 
protection  and  fuel  tightness  of  the  joint. 
In  a  sequence  of  material  and  functional 
tests  for  selection  of  adequate  coatings  and 
associated  materials  as  well  as  galvanic 
corrosion  and  integral  tank  aspects  have 
been  taken  into  account.  Additional  to 
the  static  panel  tests  for  paint  adhesion 
corrosion  tests  tmder  dynamic  landing  and 
corrosive  environment  were  performed. 
Based  on  the  experience  of  these 
investigations  the  selected  combinations  of 
coatings,  sealants  and  associated  materials 
were  applied  on  stractural  tank  box  for 
final  evaluation.  This  test  article 
represented  the  section  of  a  fuselage 
integral  fuel  tank  structure.  For  simulation 
of  the  complete  in-service  spectrum, 
during  the  life  of  an  aircraft  structure, 
static  and  dynamic  loads  were  induced. 
The  internal  tank  environment  was 
simulated  by  water  as  fuel  replacement 
and  by  pressurisation  of  the  compartment. 
Resistance  of  the  CFC/aluminium  joint  to 
galvanic  corrosion  and  liquid  tighmess  of 


the  selected  integral  tank  concept 
proved  excellent  under  simulated 
conditions. 


1.  INTRODUCTION 

The  airframe  of  high  performance  military 
aircraft  is  built  by  a  variety  of  dissimilar 
materials  with  different  electrochemical 
potential.  Weight  saving  aspects,  which  are 
based  on  operational  requirements,  cause 
the  airframe  manufacture  to  use  light 
materials  with  high  stiffness.  Materials 
which  are  able  to  meet  this  aspects  are 
carbon  fibre  composites  (CFC)  and 
aluminivun  alloys.  Especially  for  integral 
tank  stmctures  the  application  of  larger 
integrated  components  with  a  reduced 
amount  of  fasteners  is  preferrabie. 
Composite  materials,  as  CFC,  are  suitable 
for  realisation  this  design  philosophy. 

One  problem  in  complex  airframe 
stmctures  is,  that  most  of  the  CFC 
stmcture  have  interfaces  to  other  materials 
which  are  susceptible  to  galvanic  corrosion 
in  contact  with  the  composit.  As 
aluminium  alloys  are  extensively  used  on 
airframe  stmctures  the  contact  with  CFC 
can  not  be  avoided. 

Isolation  methods  on  the  aluminium  part 
as  well  as  on  the  CFC  laminate  shall  be 
applied  to  prevent  galvanic  corrosion. 
Dielectric  coatings  and  materials  which  are 
resistant  to  fuel  and  a  fuel/water  mixture 
which  is  present  at  the  tank  floor  area 
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were  tested  for  application  in  this  joints. 
Besides  of  the  corrosion  preventive 
properties  of  these  coatings  and  materials 
the  applicability  for  sealing  of  a  integral 
tank  structure  was  an  important  criteria. 

The  problem  in  not  only  caused  by  fuel, 
but  by  a  more  aggressive  fluid 
fuel/water/mixture.  For  simulation  of  this 
fluid  under  laboratory  conditions  for  panel 
tests  a  fuel/salt  water  mixture  is  used.  The 
presence  of  this  corrosive  environment  at 
relative  high  fuel  temperature  was  the 
requirement  for  selection  of  adequate 
coating  materials  and  protection  methods. 
Static  and  dynamic  corrosion  tests  were 
performed  on  coupons  using  several 
materials  and  coatings.  Verification  of  the 
selected  isolation  methods  and  the  sealing 
concept  on  a  structural  test  article  have 
been  performed  and  qualified  for 
application  on  aircraft. 

This  presentation  gives  a  comprehensive 
report  on  the  activities  which  were 
conducted  to  investigate  applicable 
methods. 


2.REQUIREMENTS  FOR  A  FUEL 
INTEGRAL  TANK  STRUCTURE 

In  this  evaluation  program  for  a  high 
performance  aircraft  the  fuel  content  is 
used  for  cooling  of  other  aircraft  systems. 
After  the  heat  exchangers  the  fuel 
temperature  may  reach  about  95  °C  in 
certain  locations  of  the  tank. 

For  consideration  of  all  environmental 
aspects  existing  in  the  tank  area  a 
fuel/water  mixture  has  been  used  for  a 
series  of  tests.  This  extremely  aggressive 
fluide  was  simulated  for  tests  by  a  mixture 
consisting  of  equal  parts  of  a  3,5  %  salt 
solution  and  jet  fuel. 

Since  aircraft  stmctures  are  subjected  by 
dynamic  loads  and  shall  withstand  a 
structural  life  of  about  6000  flight  hours 


this  aspect  has  been  considered  essential 
for  simulation  of  fuel  tank  relevant  joints 
in  test.  Taking  into  account  this 
operational  aspect  isolation  and  sealing 
methods  were  evaluated  to  the  criteria. 


3.  ELECTROCHEMICAL  COMPATI- 
BILITY  OF  CFC  AND 
ALUMINIUM 


A  material  immersed  in  a  electrolyte  gets 
a  certain  electrochemical  potential  when 
the  oxidation-reduction  equilibrium  is 
adjusted.  This  potential  is  characteristic  for 
the  material  and  the  electrolyte.  Materials 
having  higher  potentials  are  considered  to 
be  more  noble,  whereas  material  with 
lower  potentials  are  said  to  be  more  active. 
The  more  noble  material  acts  as  the 
cathode  and  the  more  active  as  the  anode 
(see  Fig.l). 


A 


potential 

increase 


noble,  e.g.  CFC 


electron 

flow 


V 


active,  e.g.  aluminium 


Fig.l  Electrochemical  potential  of  CFC 
and  aluminium 
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Galvanic  corrosion  is  an  electrochemical 
process  involving  electrical  conducting 
materials  with  dissimilar  potentials,  on 
which  an  oxidation-reduction  process 
occurs.  The  more  active  material  is  being 
dissolved.  This  effect  is  known  as 
corrosion. 

CFC  behaves  electrochemical  like  a  very 
noble  material.  It  does  not  corrode,  but  it 
can  cause  corrosion  on  other  materials 
when  in  direct  contact.  When  CFC  is 
coupled  to  a  less  noble  joining  parmer,  e.g. 
aluminium,  in  a  wet  environment,  and  the 
latter  is  the  anode  and  may  undergo 
anodic  dissolution. 

In  case  of  the  integral  fuel  tank  the 
aluminium  structure  may  act  as  the  anode 
and,  attached  to  CFC,  may  undergo 
galvanic  corrosion  if  not  adequate 

protected. 

4.  CFC/ALUMINIUM  STRUCTURE  OF 
AN  ADVANCED  FUEL  INTEGRAL 
TANK 

The  design  goal  for  a  integral  fuel  tank 
stracture  is  the  reduction  of  potential 
leakage.  Extensive  use  of  fasteners 

increases  the  threat  of  the  occurrence  of 
such  a  failure.  Therefore,  in  case  of  the 
selected  tank  structure  the  amount  of 
fasteners  has  been  drastically  reduced  by 
adoption  of  large  integral  stiffened  CFC 
components.  Figure  2  shows  an  integral 
fuel  tank  structure  consisting  of  an 
extenemal  CFC  skin  with  integral 

stiffeners,  and  CFC  and  aluminium 
frames. 

Assembly  of  the  CFC  skin  to  the 

substructure  restricted  the  application  of 
state  of  the  art  sealants.  Pot  life  aspects  of 
sealants  and  possible  displacement  of  the 
CFC  skin  during  mating  operations 
excluded  the  use  of  pasty  materials  in  the 
joining  area. 

Therefore  non  adhesive  sealing  tapes  have 
been  adopted  for  application  on  faying 


surfaces  of  larger  CFC/aluminium  joints. 
In  concert  with  sealing  tapes  and 
compounds,  corrosion  protective  coatings 
and  dielectric  materials  the  electrochemical 
isolation  between  these  dissimilar  materials 
have  been  assured.  Verification  of  the 
combined  protective  methods  were 
performed  in  a  detailed  test  program. 


14-4 


Integral  stiffened 
CFC-sheU 


CFC-Structure 

Aluminium-Stnicture 


Fig.  2  Centre  fuselage  fuel  integral  tank  structure  with  a  high  degree  of  CFC  structural  parts 


5.  REALISTIC  SIMULATION  OF  THE 
CONDITIONS  IN  THE  CONTACT 
AREA  CFC/ALUMINIUM 

5.1  Selection  of  coatings  on  panel  tests 
and  investigations  with  the  sealing 
tape 

5.1.1  Selection  of  coatings 

In  a  series  of  static  panel  tests  the 
adhesion  and  corrosion  preventive 
properties  of  several  coatings  were 
evaluated  in  the  environment  as  shown  in 
para.  2.  Substrate  materials  involved  were 
the  aluminium  alloy  2024T3  unclad  and 
the  CFC  prepreg  with  BMI  matrix  resin. 

The  aluminium  sheets  were  pretreated  by 
Chromic  Acid  Anodising  (CAA),  the  CFC 
specimen  were  coated  after  removal  the 
peel  ply.  The  applied  coatings  were  of 


polyurethane  primer,  designated  PR1560, 
and  a  zinc  chromate  loaded  epoxy  primer. 
After  immersion  of  the  specimens  for  1000 
hours  at  95®C  in  a  salt  water/fuel  mixture 
and  jet  fuel  containing  30  %  aromatics 
(toluene)  for  reference,  the  polyurethane 
primer  PR1560  showed  the  best  properties 
at  these  test  conditions. 

Epoxy  primers  experienced  good  resistance 
to  this  fluids.  No  loss  of  adhesion  and  no 
signs  of  any  corrosion  occurred  on  the  test 
panels. 

Further  tests  for  determination  the 
adhesion  behaviour  of  polysulfide  sealants 
on  both  coatings  showed  reduced 
adhesion  properties  on  the  epoxy  primer. 
Depending  on  these  results  the 
polyturethane  primer  has  been  selected  for 
application  on  the  fuselage  integral  tank 
stmcture. 
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5.1.2  Investigation  of  the  sealing  tape 


For  the  sealing  tape  TEFLON  in  expanded 
condition  has  been  adopted.  Tests  for 
evaluation  of  the  galvanic  corrosion 
preventive  properties  were  performed  on 
test  coupons  representing  the  dissimilar 
materials  and  the  protection  coating 
according  to  para.  5.1.1. 

The  coupon  consisted  of  a  CFG  and 
aluminium  part  with  the  sealing  tape  as 
interface  material.  The  two  halves  of  the 
coupon  were  fastened  with  titamum  HI- 
LOKs.  To  allow  penetration  of  the  test 
fluid  to  the  joining  area  no  edge  sealing 
were  applied.  Static  exposure  of  the 
coupons  take  place  in  fuel  tank 
environment,  as  shown  in  para.  5.1.1. 
After  finishing  these  tests  no  sign  of 
corrosion  was  found  on  the  faying  surface 
of  the  aluminium  part. 

5.2  Preparation  of  coupons  for  corrosion 
tests  under  dynamic  loading 

5.2.1  Coupon  design  and  associated 
materials 

The  coupon  consisted  of  a  CFG  and  an 
aluminium  part  and  represented  a  single 
shear  specimen.  The  two  parts  of  the 
coupon  were  assembled  by  HI-LOK 
countersink  head  fasteners.  This  fastener 
type  was  used  to  evaluate  the  influence  of 
the  environment  to  the  countersink  on  the 
aluminium  side.  On  the  CFG  part  a  steel 
washer  was  placed  under  the  collar  to 
prevent  delamination.  Although 
incompatible  with  the  steel  washer 
aluminium  collars  were  used  due  to 
supply  problems. 

Figure  3  shows  the  design  of  the  test 
coupon. 
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Fig.  3  Coupon  for  corrosion  tests 

For  production  of  the  coupons  the 
following  materials  and  standard  parts 
were  used: 

Materials: 

CFG  with  BMI  resin  matrix 
Number  of  plies:  51 
AL  sheet:  7075/7351 

Standard  parts: 

Fastener:  HI-LOK,  countersink  head, 

titanium  alloy,  6  mm  diameter, 
14  mm  grip  length 

CoUar:  Aluminium  alloy,  SAA  treated 

Washer:  Corrosion  resistant  steel, 
passivated 

5.2.2  Variation  of  surface  treatment  for  the 
coupons 

Instead  of  the  polyurethane  primer  which 
has  revealed  the  best  sealant  adhesion  in 
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the  test  program  as  stated  in  para.  5.1  the 
epoxy  primer  was  used  in  these  tests. 
Because  of  comparable  resistance 
properties  to  the  polyurethane  primer  in 
the  test  fluid  the  achieved  results  should 
also  be  transferable  to  general  stmcture 
applications. 

Although  inadequate  for  integral  fuel  tank 
stmcture,  untreated  coupons  were  exposed 
to  the  test  environment  for  reference  to 
show  the  fatal  corrosion  attacks  on  the 
aluminium  stmcture,  when  unprotected  in 
contact  with  CFC. 

A  summary  of  the  surface  preparation  of 
the  CFC  and  the  aluminium  part  of  the 
coupon  is  shown  in  Table  1. 

HI-LOK  collars  and  washers  remained  in 
as  received  condition,  that  means  no 
additional  protection  has  been  applied. 


5.2.3  Test  Conditions 

Due  to  safety  aspects  the  test  fluid  to 
simulate  the  integral  tank  environment 
could  not  be  used.  Instead  of  a  fiiel/salt 
water  mixmre  the  coupons  were  exposed 
to  a  neutral  salt  water  solution  of  3,5  % 
NaCl  and  35  °C.  The  lower  test 

temperamre  was  adopted  due  to  heating 
restrictions  of  the  salt  spray  chamber. 

In  the  first  step  all  variants  of  test  coupons 
shown  in  Table  1  were  exposed  in  a  salt 
fog  cabinet  for  500  hours.  Subsequent  to 
this  static  exposure  to  the  salt 
environment,  dynamic  loads  were  applied 
to  the  coupons  in  a  constant  amplitude 
loading  sequence  in  tension  only.  The 
frequency  selected  was  5  Hz  and  the  total 
number  of  cycles  at  max.  load  level  of 
4KNwere  10®. 

Table  2  shows  ane  overview  on  the 
achieved  test  results. 


Table  1:  Variants  of  surface  protective  treatments  applied  on  the  faying  surface 
of  the  test  coupons 


Number 
of  Test 
Variants 

Surface  Protective  Treatment 

Application  of 
Sealant  and/or 
Scrim  on  the 
Faying  Surface 

Assembly  of 

CFC 

Alumuiium 

1 

none 

none 

none 

dry 

2 

Epoxy  Primer 

CAA  plus  Epoxy 
Primer 

none 

dry 

3 

none 

CAA  plus  Epoxy 
Primer 

Polysulfide 
Sealant  PR1750 

Polysulfide 
Sealant  PR1750 

4 

Epoxy  Primer 

CAA  plus  Epoxy 
Primer 

1  Ply  Scrim 
plus  Polysulfide 
Sealant  PR1750 

Polysulfide 
Sealant  PR1750 

5 

Epoxy  Primer 

CAA  plus  Epoxy 
Primer 

Polysulfide 
Sealant  PR1750 

Polysulfide 
Sealant  PR1750 
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Table  2:  Evaluation  of  test  results 


Numbef 
of  Test 
Vanants 

Test  Sequence  and  Evaluation  or  the  experienced  galvanic  Corrosion 
Defect  on  the  Aluminium  Part  and  Location  on  the  Test  Coupon 

500h  static  Salt 
Fog  Test 

Dynamic  Loading 
with  alternate 
Salt  Fog  Test 

500h  static  Salt 
Fog  Test 

Location  of 
Defect  oh 
Test  Coupon 
(see  Fig.  4) 

1 

Extensive 
corrosion  attack 

Extensive 
corrosion  attack 

Additional 
corrosion  found 
on  edges 

I,  II,  m,  IV 

2 

No  corrosion 
found 

No  corrosion 
found 

No  corrosion 
found 

III,  IV 

3 

No  corrosion 
found 

No  corrosion 
found 

Gorrosion  found 
on  edges 

II, 

4 

No  corrosion 
found 

No  corrosion 
found 

No  corrosion 
found 

5 

No  corrosion 
found 

No  corrosion 
found 

No  corrosion 
found 

As  already  expressed  in  para.  5.2.1  an 
inadequate  fastener,  coUar,  washer 
combination  was  used,  so  that  corrosion 
between  aluminum  collar/  titanium  HI- 
LOK  and  steel  washer/aluminium  collar 
was  unavoidable. 

During  the  dynamic  load  tests  an  alternate 
immersion  procedure  was  applied  in  the 
test  rig  by  exposure  of  the  coupons  to 
neutral  salt  solution  as  mentioned  above 
with  immersion  and  drying  cycles  in  the 
proportion  of  10  min  to  50  min.  This 
procedure  was  applied  over  a  period  of 
appr.  55  hours. 

After  finishing  this  procedure  the 
coupons  were  again  statically  exposed  to 
the  salt  fog  cabinet  for  500  hours.  The 
idea  behind  this  additional  exposure  was, 
to  recognise  the  corrosive  influence  of 
dynamic  loading  with  respect  to  possible 
micro  cracks. 


5.2.4  Evaluation  of  the  test  results 

As  expected  the  unprotected  coupon  from 
test  variant  1  in  Table  1  experienced 
extensive  galvanic  corrosion  m  the  contact 
area  of  the  aluminium  part.  An  improved 
behaviour  against  contact  corrosion  was 
shown  by  coupons  of  test  variant  2  ,  on 
which  no  attack  were  found  on  edges  and 
faying  surfaces  of  the  aluminium  parts. 
Although  the  aluminium  parts  were 
protected,  corrosion  attacks  were  detected 
on  coupons  of  variant  3.  These  were 
caused  by  the  uncoated  CFG  parts  and 
the  movement  under  loading,  which 
obviously  resulted  in  partial  damage  of  the 
coating. 

Comparable  to  variant  2,  specimens  of 
variants  4  and  5  experienced  no  corrosion 
on  the  aluminium  part  in  contact  with 
CFG. 
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Table  2  summarizes  the  evaluation 
results,  and  Figure  4  shows  the  typical 
locations  of  corrosion  on  the  test  coupon. 

Steel  Washer 


Collar 


Collar 


Fig.  4  Location  of  corrosion  attacks  on  the  test  coupon 


5.2.5  Conclusion  of  the  corrosion 

coupon  test  under  dynamic  loading 

The  test  results  show  that  only  painting  of 
both  the  CFC  part  and  the  aluminium 
sheet  leads  to  an  effective  protection 
against  galvanic  corrosion.  Wet  assembly 
of  the  joint  with  polysulfide  sealant  show 
further  improvement  in  prevention  of 
penetration  of  corrosive  media.  Improved 
protection  for  the  aluminium  is  achieved 
by  application  of  1  ply  of  glass  fibre 
scrim  to  the  CFC  contact  surface. 

HI-LOK  fasteners  which  were  dry  installed 
caused  contact  corrosion  on  the  aluminium 
part,  especially  in  the  hole/shaft  interface 
and  in  the  countersink,  as  shown  in  Fig.  4. 
This  has  not  been  an  adequate  installation 
and  was  finally  adopted  to  see  an  possible 
effect  to  the  CFC/aluminium  contact  area 


if  the  electrolyte  penetrates  along  the 
fastener.  This  expected  effect  did  not 
occure  . 


5.2.6  Consequence  of  these  test  results  to 
the  fuselage  fuel  tank  stracture 

Analogical  to  the  results  achieved  by  these 
corrosion  tests,  isolation  methods  for  the 
integral  fuel  tank  stmcture  were  derived. 
Because  the  fuel  and  especially  the 
fuel/salt  water  environment,  with 
significant  higher  temperatures,  the 
polyurethane  primer  PR1560  was  selected 
for  fuel  tank  application  because  of 
improved  adhesion  of  sealants,  which  is 
essential  for  fuel  tighteness. 

In  consequence  of  the  above  test  results  it 
was  proposed  to  implement  the  barrier 
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system  in  a  full  size  structural  component 
(see  para.  6),  for  verification  of  the 
complete  experience  extracted  from  these 
testing.  The  idea  behind  this  project  was 
the  simulation  of  both,  the  adopted  sealing 
system  and  the  capability  of  these 
coatings,  seals  and  sealant  compounds,  to 
prevent  galvanic  corrosion  on  the 
aluminium  stmcture  in  contact  with  CFC 
components. 


6.  VERIFICATION  OF  THE 
INTEGRAL  FUEL  TANK  SEALING 
CONCEPT  WITH  A  STRUCTURAL 
TANK  BOX 

6.1  Concept  for  a  stractural  tank  box 

The  integral  tank  box  represented  a 
segment  of  a  real  fuselage  integral  tank 
stmcture  for  a  high  performance  aircraft. 
Associated  constmctions,  structural 
materials,  surface  protective  treatments, 
barrier  systems  for  prevention  of  galvanic 
corrosion  and  the  sealing  system  were 
comparable  to  those  of  a  integral  tank 
stmcture. 

Dynamic  loads  simulated  to  the  expected 
flight  spectra  were  induced  to  the 
stmcmre.  Pressure  and  heat  for  simulation 
of  the  tank  environment  were  applied  in 
defined  cycles  (see  Fig.  7). 

For  safety  aspects  water  has  been  used  for 
simulation  of  the  fuel.  Figure  5  shows  the 
fuselage  integral  tank  box. 

6.2  Applied  protection  systems 

With  respect  to  the  results  achieved  by 
the  corrosion  test  under  dynamic  and  the 
integral  fuel  tank  specific  sealing 
materials  and  methods  the  following 
protection  scheme  was  applied: 


Aluminium  structure: 

CAA  plus  polyurethane  primer  PR  1560 

CFC  structure: 

1  ply  glass  fibre  scrim  plus  polyurethane 
primer  PR1560.  The  scrim  was  applied  in 
the  contact  area  only. 

Polysulfide  sealant  PR1750  was  used  for 
fuel  tight  sealing  of  the  faying  joint.  In 
view  of  the  large  CFC  skin  component 
(see  Fig.  2)  non  adhesive  sealing  tapes 
were  applied. 

A  thixotropic  variant  of  the  sealant 
PR1750  were  used  for  filleting  all 
stmcmre  seams. 

The  fasteners  were  wet  installed  with 
oversealing  of  the  collars. 

Figure  6  shows  in  principle  the  variants 
of  adopted  protection  and  sealing  systems. 


Integral  stiffened 
CFC-sheU 


Fig.5  Test  box  for  simulation  the  fuselage 
integral  tank  concept 
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the  tank  box  stmctuie  representing  the 
spectra  of  an  advanced  fighter  aircraft. 
Wing  bending  moment  and  fuselage 
torsion  were  simulated. 

The  fuel  tank  pressure  and  temperature 
varied  within  a  cycle  of  200  flights  as 
shown  in  Fig.  7.  A  total  of  18.000  flight 
hours  (SFH)  were  simulated  ,  applying  a 
defined  fatigue  spectra. 

Additionally  pressure  was  applied  inside 
the  air  intake  ducts. 


Fig.  6  Schematic  view  of  the  protection 
and  sealing  system  without  edge 
sealing 


Pressure  (kPa) 


Temperature  (°C) 
90 
RT 


6.3  Test  conditions 

6.3.1  Simulation  of  the  integral  tank 

environment 

As  already  expressed  m  para.  6.1  water 
has  been  used  for  simulation  of  the  fuel. 
This  was  necessary  in  view  of  safety 
aspects,  as  for  realistic  simulation  of  the 
tank  environment  the  water  has  to  be 
heated  up  to  90°C  which  would  have 
caused  a  safety  hazard  in  case  that  fuel 
would  have  been  used.  For  the  galvanic 
corrosion  aspect  water  represented  an 
adequate  liquid  to  evaluate  the  influence 
on  the  joint  CFC/aluminium  because  of  the 
long  duration  of  the  test  sequence. 

6.3.2  Loading  and  test  cycles 

Static  and  dynamic  loads  were  induced  in 


Fig.7  Variations  of  temperature  and 

pressure  within  a  200  SFH  cycle 

6.3.3  Exposure  time  to  water 

The  number  of  18.000  flights  represented 
an  exposure  time  of  about  2.700  hours  in 
water  and  under  loading. 
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6,4  Discussion  of  test  results 

This  structural  test  was  performed  with  a 
simulated  flight  spectrum  under  extreme 
loading  conditions.  Exposure  of  the 
associated  materials  to  water  and  under 
load  for  a  period  of  approximately  2700 
hours  represented  more  than  worst  case 
condition. 

The  main  goal  of  this  test  program,  the 
leakage  tightness  of  the  integral  fuel  tank 
sealing  concept,  has  been  achieved.  No 
leakage  has  been  experienced  during  the 
test  period.  The  second  aspect  of  this 
program  the  avoidance  of  galvanic 
corrosion  on  the  interfaces  of  CFC  and 
aluminium  was  examined  after 
dismantling  the  adequate  joints. 
Independent  of  the  sealing  method, 
whether  non  adhesive  tapes  or  pasty 
sealing  materials  were  used,  no  signs  of 
any  corrosion  have  been  found  on  the 
aluminium  surface  of  the  CFC  /aluminium 
joints.  This  excellent  result  confirms  the 
overall  combined  leakage  tight  and 
corrosion  prove  integral  fuel  tank  concept 
for  a  high  performance  aircraft. 

7.  CONCLUSION 

Weight  saving  aspects  for  operational 
reasons  and  the  requirement  for 
minimisation  of  the  number  of  fasteners 
underlines  the  adoption  of  materials, 
allowing  manufacturing  of  highly 
integrated  components.  Carbon  fibre 
reinforced  composites  are  most  suitable  for 
this  application  due  to  its  high  stif&iess 
and  low  density.  But  in  combination  with 
an  aluminium  stracture  galvanic  corrosion 
on  this  less  noble  material  may  occm,  if 
not  adequate  protected. 

In  view  of  the  assembly  situation  in  the 
integral  fuel  tank  structure  a  sequence  of 
tests  was  performed  for  qualification  of 
material  for  dual  application.  Goals  in  this 
program  have  been  twofold,  the  prevention 


of  galvanic  corrosion  on  the  aluminium 
part  and  fuel  tightness  of  the  tank 
stmcture. 

The  result  of  this  investigation  was,  that 
a  combination  of  glass  fibre  scrim  and 
polyurethane  primer  on  the  CFC  side,  and 
an  equivalent  primer  coating  on  the 
aluminium  part,  wet  assembled  with 
sealant  or  sealed  with  a  non-adhesive  tape 
provides  excellent  protection  against 
galvanic  corrosion  in  the  integral  fuel 
tanks. 

In  principle  these  results  are  transferable 
to  any  general  airframe  structure  consisting 
of  these  dissimilar  materials. 
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CORROSION  PREVENTION  WITH  ENVIRONMENTALLY 
COMPLIANT  MATERIALS  -  A  DESIGN  CHALLENGE 
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Summary 

In  order  to  eliminate  hazardeous  properties  many  well  pro¬ 
ven  materials  and  processes  for  corrosion  prevention  have 
to  be  replaced.  Examples  are  Chromates  in  primers, 
sealants  and  pretreatment  processes.  Cadmium  as  plating 
material  and  solvents,  which  usage  shall  be  significantly 
reduced. 

The  replacement  materials  often  do  meet  the  usual  require¬ 
ments  completely. 

Examples  are  given  how  the  deficit  in  performance  can  be 
overcome  by  design  changes  and  supplemental  measures. 

1.  Introduction 

Besides  occupational  health  and  safety  aspects  environmen¬ 
tally  driven  investigations  on  flows  and  balances  of  materi¬ 
als  have  uncovered  new  reasons  to  eliminate  hazardeous 
compounds.  Within  the  production  of  the  aircraft  industry 
specially  the  materials  and  processes  for  corrosion  preven¬ 
tion  are  of  major  concern,  because  the  state  of  the  art  tech¬ 
nology  contributes  to  many  environmental  problems.  Ex¬ 
amples  are  the  usage  of  CFC’s  (ozone  depleting  properties 
in  the  upper  atmosphere)  for  cleaning  purposes,  VOC’s  in 
organic  coatings  (creating  ozone/smog  in  the  lower  atmo¬ 
sphere),  toxic  heavy  metals  emitted  with  the  waste  water  of 
galvanic  shops  and  hazardeous  solid  residues  from  treatment 
and  coating  facilities,  for  which  alternatives  instead  of  dis¬ 
posal  have  to  be  found. 

Besides  legal  obligations  to  replace  hazardeous  compounds 
(e.g.  Montreal  protoeol  1987/CFC’s)  also  the  economic 
motivation  is  increasing  because  the  handling  with 
hazardeous  compounds  needs  more  and  more  work  force  to 
fulfill  monitoring,  supervising  and  proving  activities.  In  the 
following  some  fundamental  considerations  and  examples  - 
gained  by  experience  are  presented  in  order  to  replace 
hazardeous  materials. 

2.  General  Approach 

First  task  is  to  determine  the  occurence  of  hazardeous  mate¬ 
rials.  Today  this  is  done  on  a  routine  basis  by  the  mandato¬ 
ry  procedure  that,  before  any  purchase  of  new  material,  the 
relevant  Material  Safety  Data  Sheet  (MSDS)  is  evaluated  by 
the  responsible  persons  for  health,  safety,  environment,  and 
the  materials  and  processes  department.  Most  helpful  is  the 
new  MSDS  format  of  the  EU  (see  directive  91/155/EEC), 
which  generally  covers  all  aspects  in  the  necessary  extent 
and  detail.  If  hazardeous  compounds  are  identified  a  deci¬ 
sion  tree  has  to  be  worked  off  (see  Fig.  1).  In  some  cases 
the  consequences  were  easy  to  carry  out  like  the  selection  of 
paints  with  less  harmful  (i.e.  non  teratogenic)  solvents  or 
the  sealing  of  anodised  Aluminium  workpieces  with  hot 
water  instead  of  Chromate  solutions.  The  remaining  prob¬ 
lems  were  priorised  against  the  general  targets  of 


avoiding  halogenated  solvents 

replacing  cancerogenic,  mutagenic  teratogenic 

compounds 

and  minimizing  volatile  organic  compounds 
(VOC’s)  respectively  hazardeous  air  pollutants 
(HAP’s). 

If  no  obvious  1  :  1  replacement  solutions  arc  available,  in 
depth  investigations  are  neeessary  including  a  careful  exami¬ 
nation  of  specifications  with  respect  to  realistic  and  relevant 
requirements. 

In  order  to  open  the  problem  to  solutions  as  far  as  possible 
such  basic  specifications  shall  contain  only  performance 
criteria  dividing  in  indispensible  and  "nice  to  have"  items. 
Care  must  be  taken  that  the  remaining  catalogue  is  complete 
and  apparent  self-evident  properties  are  included.  An  exam¬ 
ple  is  that  most  material  and  process  specification  for  CFC’s 
did  not  mention  their  inflammability  but,  on  the  other  hand, 
this  property  was  needed  for  operating  the  state  of  the  art 
equipment.  As  result  of  such  investigations  and  inspite  of 
lenghty  development  efforts  the  result  may  be  materials  and 
processes,  which  meet  only  part  of  the  original  technical 
requirements.  This  is  the  scenario  where  flexibility  and 
creativity  of  design  departments  are  challenged  in  order  to 
introduce  environmentally  compliant  materials. 

3.  Example  :  Cadmium  replacement 
Cadmium  is  cancerogenic,  ecotoxic  and  enriched  in  biologic 
organisms  (e.g.  mushrooms).  In  aircraft  applications  plated 
Cd-layers  fullfill  several  functions: 

galvanic  corrosion  protection  of  rusting  steels 

galvanic  corrosion  protection  of  dissimilar  metal 

assemblies  with  A1  structures. 

suitable  sliding  and  lubrication  properties  (see 

joining  of  fasteners) 

good  ductility 

electric  conductivity 

solderability 

Additionally  Cd  posesses  useful  practical  aspects: 

Cd-plating  can  be  applied  in  exactly  determined 
thicknesses 

The  coatings  are  free  of  pores 
Cd  itself  is  rather  corrosion  insensitive 
In  case  of  sacrificial  anodic  dissolution  of  Cd  the 
corrosion  products  are  of  such  kind  that  fasteners 
can  be  loosened  without  major  difficulties 
Paints  adhere  well  on  Cd-layers 
During  service  Cd-plated  steels  do  not  suffer  from 
additional  Hydrogen  embrittlement 
This  combination  of  properties  turns  out  to  be  rather 
unique.  Any  alternative  material/proccss  has  therefore  only 
limited  potential  to  replace  Cadmium. 

Coatings  of  Aluminium  for  instance  have  the  disadvantage 
that  in  case  of  galvanic  corrosion  the  Al-layer  itself  has  a 
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tendency  to  repassivate,  thereby  losing  the  protection  activi¬ 
ty  for  the  substrate  materia).  Also  the  corrosion  products 
stuck  fasteners  to  such  an  extent  that  they,  usually  have  to  be 
drilled  out  . 

Developments  to  overcome  these  problems  by  use  of  Al- 
alloy  coatings  are  currently  evaluated. 

Another  alternative  for  Cd-plating  is  the  application  of  a 
double  layer  system  consisting  of  an  Al-flake  filled  ceramic 
and  a  PTFE  pigmented  PU  coat,  the  first  taking  care  of  the 
cathodic  protection  and  the  second  guaranteeing  tribological 
properties.  Compared  to  Cd  this  coat  system  is  isolating  and 
thickness  control  is  not  as  good.  Furtheron  painting  of  such 
treated  parts  should  not  be  required  because  of  lack  of 
adherence. 

Currently  it  is  planned  to  introduce  this  coating  system  on 
clipnuts  because  corrosion  tests  with  typical  assemblies 
showed  that  this  configuration  is  even  better  performing 
than  the  Cd  treated  material  of  today. 

A  major  progress  in  replacing  Cd  also  in  other  applications 
is  expected  from  the  activities  of  the  GARTEUR  Action 
Group  No.  17,  which  will  finish  their  investigation  efforts 
on  alternatives  for  Cadmium  by  July  1996. 

4.  Example  :  Chromate  Free  Corrosion  Inhibiting 

Primers  (CFIP) 

Chromates  are  hazardous  materials.  Any  exposure  to  them 
is  of  toxicologic  concern.  The  worst  effect  is  due  to  the 
inhalation  of  dust  containing  soluble  Chromates,  which  re¬ 
sults  in  a  high  risk  of  getting  bronchial  cancer.  Main  sourc¬ 
es  of  such  dusts  in  our  industry  are  the  spray  application  of 
wash  primer  (containing  Zinc  Chromate),  the  same  process 
with  basic  primers  for  corrosion  protection  (containing  Zn 
and/or  SrCrOJ,  and  removing  of  such  coats  from  surfaces 
for  repair  and  maintenance  purposes.  On  the  other  hand  the 
aircraft  industry  relies  since  decades  upon  the  unique  corro¬ 
sion  inhibiting  properties  of  chromates.  The  protection  of 
aluminium  alloys,  inclusive  the  safeguarded  integrity  of  load 
carrying  primary  structures  built  out  of  Al,  is  not  only 
demonstrated  in  laboratory  tests,  but  also  well  proven  by  in 
service  experience.  The  need  to  replace  soluble  Chromates 
from  the  corrosion  inhibiting  primers  might  therefore  affect 
the  principal  concepts  of  corrosion  protection  and  mainte¬ 
nance  schedules  with  all  their  economical  and  safety  impli¬ 
cations.  This  alone  requires  a  thorough  and  complete  evalu¬ 
ation  of  replacements  before  any  risks  are  taken. 

For  the  investigations  approved  paint  manufacturers  were 
asked  to  supply  their  latest  technology  chromate  free  corro¬ 
sion  inhibiting  primers  together  with  compatible  top  coats, 
suited  for  interior  structural  application.  The  tests  according 
to  current  specifications  showed,  that  with  exception  of  the 
corrosion  inhibiting  properties,  the  CFClP’s  are  at  least 
equivalent  to  their  chromated  counterparts.  This  lack  of 
equivalence  can  be  clearly  seen  from  filiform  corrosion  test 
on  Chromic  Sulfuric  Acid  etched  substrate  (see  Fig.  2). 

Does  this  result  stop  any  application  of  the  CFClP’s  ? 

How  this  difference  in  quality  is  to  be  valued? 

One  has  to  take  into  account  that  most  state  of  the  art  corro¬ 
sion  test  are  mainly  done  for  comparison  reasons,  but  not 
well  suited  to  predict  in  service  behaviour. 

The  clear  message  of  this  result  was  to  develop  improved 
corrosion  tests  which  utilise 

materials  and  processes  of  the  today  production 

realistic  exposure  conditions 

simulate  well  known  damage  scenarios  and 


creates  meaningful  results  with  low  scatter  and 
good  reproducability. 

The  in  service  experience  generally  shows  following  weak 
points  of  the  Al-structure: 

Corrosion  starting  from  local  accidental  damage 
(by  scratches  or  impacts) 

Corrosion  starting  from  edges  with  insufficient 
protection  (coverage  of  coatings,  probability  of 
damage) 

Crevice  corrosion 

The  scenarios  of  accidental  damage  and  insufficient  edge 
protection  are  covered  satisfactorily  by  the  well  known  test 
specimen  because  they  arc  exposed  with  artificially  pro¬ 
duced  scratches.  For  crevice  corrosion  testing  purposes  a 
new  specimen  design  was  created  (Fig.  3). 

This  specimen  is  exposed  by  an  alternative  immersion  pro¬ 
cedure  according  to  EN  3212. 

Comparative  exposure  tests  with  corrosive  electrolytes 
confirmed  that  the  buffered  sodium  chloride  solution  (30  g/1 
NaCl;  1,25  g/1  Boric  acid;  0,10  g/1  NaH2P04  -1-  NajCOj 
solution  (lOOg/1)  to  make  pH  8)  is  also  in  this  crevice  situa¬ 
tion  rather  aggressive. 

This  test  procedure  creates  damage  pictures  similar  to  fail¬ 
ures  in  reality. 

As  key  corrosion  tests  the  best  compromise  up  till  now  is, 
according  to  our  experience,  the  combination  of  this  new 
"crevice  corrosion  test"  and  the  filiform  corrosion  test 
(EN  3665),  reflecting  interior  and  exterior  corrosion  events. 
The  result  obtained  with  such  tests  adopting  the  today  sur¬ 
face  treatment  (Chromic  Acid  Anodizing)  is  shown  in 
Fig.  4-1-5. 

The  filiform  corrosion  of  the  tested  Chromate  free  paints  is 
well  within  the  current  requirements  (2  mm)  and  about  the 
same  as  with  chromated  primer. 

Within  the  crevice  corrosion  test  the  results  were  very 
remarkable  by  the  fact  that  the  chromate  free  primers  show, 
compared  to  chromated  ones,  about  twice  the  generally 
rather  low  extension  rate,  when  clad  material  is  examined. 
With  bare  substrates  all  specimens  showed  about  the  same 
performance.  We  suppose  that  this  is  due  to  the  fact  that 
with  the  clad  substrate  the  galvanic  element  is  stronger  and 
in  this  case  the  superior  inhibition  properties  of  chromates 
are  dominating. 

Thus  it  is  shown  again  that  CFClP’s  are  not  completely 
equivalent  to  chromated  primers  in  their  corrosion  inhibition 
prof>ertics.  On  the  other  hand  the  overall  protection  level 
seems  to  be  sufficient  together  with  an  optimized  substrate 
surface  pretreatment  (e.g.  chromic  acid  anodizing) 

In  order  to  evaluate  this  remaining  risk,  we  started  an  in 
service  evaluation  program  with  specimen  flying  in  the  bilge 
area  of  an  A320  aircraft,  but  meaningful  results  are  not  yet 
available.  Presently  additional  aircrafts  join  this  program  in 
order  to  achieve  some  statistical  significance.  A  major 
problem  is  also  the  time  that  is  needed  for  a  sound  result. 
Parallel  to  this  activity  we  looked  for  alternatives  to  im¬ 
prove  the  today  situation.  Part  of  the  target  may  be  reached 
by  introduction  of  low  chromated  primers,  where  several 
possibilities  can  be  considered.  One  of  them  is  the  reduction 
of  amount  of  soluble  Chromates,  another  the  replacement  of 
Sr  and  ZnCr04  by  less  soluble  species  like  BaCr04,  which 
are  not  yet  suspected  to  be  cancerogenic.  Based  on  a  Chro¬ 
mate  free  formulation  we  tested  several  materials  modified 
in  the  above  mentioned  manner  (see  Table  1).  The  result  of 
a  filiform  test  (see  Fig.  6)  showed  that  these  modified 
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primers  perform  like  Chromate  free  formulations. 
Additionally  it  is  known  that  in  some  transport  aircrafts 
primers  containing  only  small  amounts  of  BaCr04 
(about  2  %)  are  applied  since  decades  with  good  in  service 
experience,  especially  on  anodised  surfaces.  Comparison 
tests  (filiform  corrosion,  alternate  immersion  test)  with 
Chromate  free  primers  indicated  again  performance  level  of 
the  CFCIP’s. 

The  overall  conclusion  is  that  Chromate  free  eorrosion 
inhibiting  primers  can  be  introduces  on  anodized  substrates. 
Their  actual  implementation  however  needs  the  willigness  of 
design  authorities  and  customers  to  tolerate  a  change  in 
current  specifications. 


5.  Conclusion 

As  shown  by  some  examples  a  sucessful  introduction  of 
environmentally  compliant  materials  needs  the  support  of 
design  departments,  because  material  and  process  develop¬ 
ment  can  not  offer  in  every  case  a  simple  1  to  1  replace¬ 
ment.  Additionally  modification  of  well  proven  standards  an 
procedures  might  be  necessary,  which  needs  the  acceptance 
of  customers  and  certification  authorities. 


Variation 

SrCrO^  [%] 

BaCr04  [%] 

A 

1 

0 

B 

2 

0 

C 

0 

7,5 

D 

1 

7,5 

Table  1:  Low  Chromated  primers,  Chromate  content  of  base  material 


Determination  of  actions  in  order  to  replace  hazardous  materials 


guarantee  of  precautionary  measures 
initiate  external  research 


Figure  1 :  Matrix  of  decisions 
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length  of  filament 
Imml 


Substrate:  Al  2024  T3  Pretreatment:  CSA 
Coating;  EP  Primer  *  Top  Coat 


1:;:;:::::^  bare 


Figure  2:  Filiformcorrosion  test 


rivets 


3,2  X  7  mm 
design:  MS  20470 
material:  2117  (MIL-R-6674) 


Ai  2024  chem.  mUled 

Al  2024  clad 


scratch 

width  -1-2  mm 

o  -  drill  hole 
3,2  mm 


Figure  3:  Test  specimen  for  Crevice  Corrosion  Test 
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length  of  filament 
Imml 


Substrate:  Al  2024T3  Pretreatment:  CAA 
Coating:  EP  Primer  *  Top  Coat 


clad  bare 


Figure  4:  Filiformcorrosion  test 


Substrate;  Al  2024  T3  Protreatment:  CAA  Coatino;  Primer  *  Top  Coat 


Attack  by  corrosion 

width  Imm] 


Exposure:  160  d  alternate  Immersion  prEN  3212 


chromated  primers 


chromate  free  primers 


clad 

bare 


jre  5:  Crevice  Corrosion  test 
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Substrate;  Al  2024  T3  clad;  Pretreatment:  CSA 

Coating:  EP-PrImer  ♦  Top  Coatj 
length  of  filament  ^  ^  u  «,  u 

Exposure;  1.000  h,  40  C,  80  %  r.h. 

Imml  I 


chromated  chromate 

low  chromated  primers 

primer  free 

3,6  3,6 

3,6  3 

3,6 

A  B  C  D 


Figure  6:  Fillformcorrosion  test 
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K.E.  Cramer 
P.H.  Johnston 
M.  Namkung 

Nondestructive  Evaluation  Sciences  Branch 
NASA  Langley  Research  Center 
MAIL  STOP  231 
23681-0001 


An  overview  is  presented  of  several  techniques  under 
development  at  NASA  Langley  Research  Center  for 
detection  and  quantification  of  corrosion  in  aircraft 
structures.  The  techniques  have  been  developed  as  part  of  the 
NASA  Airframe  Structural  Integrity  Program.  The 
techniques  focus  on  the  detection  of  subsurface  corrosion  in 
thin  laminated  structures.  Results  are  presented  on  specimens 
with  both  manufactured  defects,  for  calibration  of  the 
techniques,  and  on  specimens  removed  from  aircraft. 


The  NASA  Airframe  Structural  Integrity  Program  was 
initiated  in  October,  1990  with  the  objective  of  developing 
improved  technology  to  support  the  safe  and  economical 
operation  of  commercial  aircraft.  The  program  has  three 
principle  focuses;  Structural  Mechanics,  Fracture  Mechanics 
and  Quantitative  Nondestructive  Evaluation  (NDE).  The 
Quantitative  Nondestructive  Evaluation  Program  has 
concentrated  on  the  development  of  area  inspection 
techniques  for  the  detection  of  cracks,  disbonds  and 
corrosion  in  the  fuselage  with  particular  emphasis  on  the  lap 
joints  and  tear  straps.  These  techniques  offer  more 
economical  operations  by  reducing  the  man  hours  required 
for  performing  the  inspection  without  reducing  its  safety  or 
reliability. 

Four  techniques  are  being  developed  for  the  detection  of 
corrosion  in  the  airframes.  They  are  based  on  eddy  current, 
ultrasonic,  thermal  and  x-ray  stimuli  of  the  structure.  Eddy 
current  techniques  are  currently  the  most  often  employed 
technique  for  inspection  of  commercial  aircraft.  The  eddy 
current  technique  being  developed  is  base  on  a  new  probe 
design  which  has  an  output  that  is  easily  interpreted  and  has  a 
reduced  sensitivity  to  lift  off  error.  It  has  been  shown  to  be 
able  to  determine  the  material  loss  in  first  and  second  layers. 
The  ultrasonic  system  is  a  pulse  echo  based  technique  which 
accurately  quantifies  the  material  loss  in  the  first  layer  of  the 
structure.  It  has  been  integrated  into  a  portable  scanner  to 
enable  rapid  imaging  of  the  corrosion  area.  The  thermal 
technique  is  a  large  area  technique  capable  of  locating 
regions  with  10%  or  more  material  loss.  Finally  the  x-ray 
system  is  based  on  a  novel  x-ray  concept  call  “reverse 
geometry  x-rays”  which  enables  the  detection  throughout  the 
full  thickness  of  the  structure. 

Each  of  the  techniques  complements  the  other  techniques 
being  developed.  The  thermal  system  allows  for  a  quick 
survey  of  the  structure  to  locate  suspect  regions.  The 
ultrasonic  technique  quantifies  the  corrosion  in  the  outer 
layer  to  a  high  degree  of  accuracy.  The  eddy  current 
technique  can  accurately  quantify  the  material  loss  in  the  first 
and  second  layer  and  with  the  complementary  ultrasonic  data 
determine  the  extent  of  material  loss  in  the  second  layer  as 


compared  to  the  first  layer.  Finally  x-ray  radiation  penetrates 
deep  into  the  structure  enabling  detection  and  quantification 
of  corrosion  which  is  to  far  from  the  surface  of  the  structure 
to  be  detected  by  other  techniques. 


JRRENT  SELF-NULLING  PROBE 


Eddy  current  techniques  are  commonly  used  for  detection  of 
cracks  and  corrosion  in  commercial  aircraft  structures. 
Recently  a  new  probe  was  developed  at  NASA  Langley 
Research  Center  for  performing  eddy  current  inspections 
(Ref.  1).  The  probe  has  two  cocentric  coils  which  are 
separated  radially  and  at  one  end  by  a  electromagnetic 
shield.  At  the  open  end,  the  shielding  stops  which  allows  for 
electromagnetic  coupling  between  the  two  coils  when  the 
probe  is  held  in  the  air.  When  a  high  frequency  voltage  is 
applied  to  the  outer  coil,  a  voltage  is  induced  in  the  inner 
coil,  which  is  easily  detected.  When  the  open  end  of  the 
probe  is  place  against  a  highly  conductive  material,  the 
electro-magnetic  coupling  is  significantly  reduced  and  the 
induced  voltage  in  the  inner  coil  is  reduced  to  approximately 
zero.  Therefore  the  probe  is  referred  to  as  a  self-nulling 
probe. 


If  the  voltage  applied  to  the  outer  coil  is  kept  constant,  then 
the  amplitude  of  the  induced  voltage  in  the  inner  coil  is  a 
monatomically  increasing  function  of  the  coupling  between 
the  two  coils.  The  coupling  is  a  function  of  the  conductance 
of  the  structure  at  the  open  end  of  the  probe,  which  changes 
in  the  presence  of  cracks,  corrosion  and  other  structural 
defects.  Therefore  by  measuring  the  amplitude  of  the  voltage 
of  the  inner  coil,  it  is  possible  to  determine  the  extent  of 
coupling  between  the  two  coils.  Therefore  the  advantage  of 
the  probe  is  the  simplicity  of  this  measurement  compared  to 
traditional  eddy  current  measurements  which  require  a 
measurement  of  the  impedance  of  the  coil. 


Eddy  current  techniques  detect  variations  in  the  substrate’s 
ability  to  generate  an  eddy  current  in  the  presence  of  a  time 
varying  magnetic  field.  Therefore  eddy  current  techniques 
are  sensitive  to  any  changes  in  the  material  which  affects  the 
conductance  of  the  material  such  as  cracks  or  variations  in 
thickness.  For  a  conductive  material,  the  penetration  of  a 
periodically  varying  magnetic  field  perpendicular  to  the 
surface  of  the  layer  decreases  exponentially  away  from  the 
surface  and  can  be  expressed  as 


(1) 


where  Bq  is  the  magnetic  field  at  the  surface,  z  is  the 
distance  from  the  surface  and  6  is  the  skin  depth  of  the 
material.  The  skin  depth  is  given  by  the  expression 


where  c  is  the  speed  of  light,  co  is  the  angular  frequency  of 
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Frequency  (kHz) 

Figure!.  Amplitude  of  voltage  on  inner  coil  versus 
frequency  for  several  different  thicknesses  of  2024 
aluminum. 

the  periodically  varying  field  and  p  and  a  are  the 
permeability  and  conductivity  of  the  material. 


For  aluminum  the  two  important  variables  in  this  equation 
are  frequency  of  the  excitation  and  the  conductivity.  The 


(a) 


of  self-nulling  probe  as  it  is  scanned  over  specimen. 

(a)  Schematic  of  specimen 

(b)  Image  of  output  voltage  of  self-nulling  probe  instrument 
as  function  of  position. 


(d) 


Figure  3.  Separation  of  gap  spacing  effects  from  material 
loss  effects. 

(a)  Specimen  configuration 

(b)  Image  of  output  of  self-nulling  probe  instrument  as  a 
function  of  position  for  5  kHz  drive  frequency. 

(c)  Image  of  output  of  self-nulling  probe  instrument  as  a 
function  of  position  for  10  kHz  drive  frequency. 

(d)  Image  following  data  reduction  technique  which 
combines  information  from  both  frequencies  to  eliminate 
affect  variable  gap  between  layers. 

electrical  conductivity  of  aluminum  is  relatively  high  and 
does  not  tend  to  vary  significantly  within  a  sheet.  The 
excitation  frequency  is  a  tunable  parameter  which  can  be 
optimized  for  given  thickness  of  material.  For  layer 
thicknesses  much  greater  than  the  skin  depth  of  the  material 
(high  frequencies),  the  magnetic  field  does  not  penetrate 
through  the  layer,  therefore  there  is  no  change  in  the  effective 
conductance  as  a  function  of  thickness.  However  for 
thickness  of  the  layer  less  than  the  skin  depth,  the  alternating 
magnetic  field  penetrates  through  the  layer  and  the  effective 
conductance  depends  on  the  thickness  of  the  layer.  For  the 
self-nulling  probe  the  result  is  a  leakage  of  magnetic  field 
from  the  outer  coil  to  the  inner  coil  and  an  induced  voltage 
on  the  inner  coil.  The  induced  voltage  as  a  function  of 
frequency  for  several  different  thicknesses  of  aluminum  is 
shown  in  Figure  1.  As  can  be  seen  from  the  figure  there  is  a 
strong  dependence  both  the  frequency  and  thickness.  This 
dependence  is  a  result  of  both  the  change  in  effective 
conductance  and  the  frequency  response  of  the  probe.  It  is 
apparent  for  this  probe  that  the  response  in  dominated  by  the 
probe  design  at  frequencies  below  approximately  2.5  kHz.  At 
frequencies  above  5  kHz  there  is  a  strong  dependence  on  the 
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thickness  of  the  material  which  can  be  used  to  calibrate  the 
system,  enabling  subsequent  gauging  of  layers  of  the  same 
material. 

The  probe  can  be  used  as  the  sensor  of  a  mechanical  scanner 
for  imaging  variation  in  the  thickness  of  a  layer.  For  a 
multilayer  structure,  such  as  an  aircraft  fuselage,  the  induced 
voltage  is  a  function  of  the  thickness  of  all  the  layers  the 
magnetic  field  is  able  to  penetrate.  The  results  of  a  single 
frequency  scan  of  a  lap  joint  specimens  with  corrosion  is 
shown  in  Figure  2.  As  can  be  seen  from  the  image  there  is  a 
clear  indication  of  the  region  of  corrosion  in  the  lap  joint. 
Determination  of  the  thickness  of  the  top  layer  of  the  lap  joint 
from  this  single  measurement  is  not  possible,  since  the 
response  of  the  layer  depends  on  the  thickness  of  the  top 
layer,  thickness  of  the  bottom  layer  and  the  separation  of  the 
two  layer.  However  measurements  at  several  different 
frequencies  enables  independent  characterization  of  these 
parameters. 

.The  advantage  of  measurements  at  just  two  frequencies  can 
be  seen  when  examining  the  two  plates  with  a  variable 
separation  between  the  plates  (Ref.  2). Measurements  at  a 
single  frequency  have  a  combined  effect  from  both  the 
variation  in  the  separation  of  the  two  plates  and  the  variation 
of  the  thicknesses  of  the  plates  as  can  be  seen  in  Figure  3b 
and  3c.  Inputting  the  measurements  at  the  two  different 
frequencies  into  an  appropriate  inversion  algorithm  yields  a 
measurement  of  the  thickness  variation  in  the  bottom  plate 
independent  of  the  gap  spacing.  The  results  of  such  an 
inversion  are  shown  in  Figure  3d.  Inversion  algorithms  are 
currently  being  developed  for  independent  characterization  of 
two  layers  with  a  variable  gap  spacing  from  measurements  at 
multiple  frequencies.  Such  techniques  offer  a  powerful  tool 
for  corrosion  assessment  in  real  structures. 

3  ULTRASONIC  INSPECTION  SYSTEM 

Ultrasonic  techniques  for  nondestructive  evaluation  of 
structures  are  based  on  the  propagation  of  high  frequency 
sound  in  the  structure.  A  discontinuity  in  the  acoustic 
properties  of  the  structure  results  in  an  reflection  of  the  sound 
in  the  media.  For  a  single  plate  if  the  propagation  direction  is 
perpendicular  to  the  surface  the  round  trip  time  in  the  plate  is 
given  by 


3  MATERIAL  LOSS,  % 

Figure  4.  Comparison  of  mechanical  measurements  of 
material  loss  in  samples  with  ultrasonic  measurements  from 
fourier  transform  of  pulse  echo. 

resonance.  By  measuring  the  resonance  frequency  of  the 
layer  the  thickness  can  be  calculated  from  nv/2fn  assuming 
the  order  of  the  resonances  is  known.  One  advantage  of  this 
technique  is  that  it  only  requires  the  Q  of  the  layer  be  greater 
than  the  Q  of  the  transducer  to  separate  the  transducer 
response  from  the  layer  response.  Since  the  transducer  is 
acoustically  damped  and  the  layer  is  not,  this  condition  is 
easily  meet. 

For  aluminum  thicknesses  typically  used  as  skins  in  aircraft 
the  fundamental  frequency  (n=l)  is  on  the  order  of  2-4  MHz, 
therefore  a  3.5  MHz  damped  transducer  is  used  to  excite  the 
layer.  Since  this  is  considerably  less  than  the  20  MHz 
transducers  required  for  pulse  echo  measurement,  there  are 
other  advantages  to  this  technique.  One  is  that  phase 
cancelation  caused  by  surfaces  which  are  not  perfectly  flat 
and  parallel  is  significantly  less  at  3  MHz  than  20  MHz.  A 
second  advantage  is  the  effect  of  variations  in  the  coupling 
layer  between  the  transducer  and  structure  are  less  significant 
at  lower  frequencies. 


V 

where  1  is  the  thickness  of  the  layer  and  v  is  the  velocity  of 
sound  in  the  layer.  Ultrasonic  thickness  gauges  utilize  this 
relationship  by  propagating  a  sound  wave  in  the  layer, 
measuring  the  first  arrival  time  of  the  ultrasonic  echo  back  to 
the  transducer.  The  thickness  of  the  layer  is  then  calculated 
by  multiplying  the  delay  time  times  the  velocity,  which  is 
assumed  to  be  a  known  quantity.  For  this  technique  to  be 
effective  the  response  of  the  transducer  following  exeitation 
must  be  near  zero  before  the  arrival  of  this  echo.  For  thin 
gauge  aluminum  such  as  typical  found  in  aircraft  fuselages, 
this  condition  is  often  difficult  to  meet. 


A  second  technique  for  characterization  of  the  thickness  from 
ultrasonic  measurements  is  based  on  the  ultrasonic  resonance 
of  the  layer  (Ref.  3).  Resonance  frequencies  of  the  layer  are 
given  by 


_ 
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(4) 


where  n  is  an  integer  and  represents  the  order  of  the 


Measurements  were  performed  on  a  series  of  samples  of 
known  thickness.  A  comparison  of  mechanical  measurements 
and  ultrasonic  measurements  of  the  thickness  are  shown  in 
Figure  4.  As  can  be  seen  from  the  figure  the  agreement 
between  the  two  is  excellent.  From  this  measurements,  it  was 
determined  the  technique  is  capable  of  measuring  the 
thickness  of  the  upper  layer  to  within  3%. 

This  technique  has  been  integrated  into  a  portable  hand 
scanner  which  can  image  the  defects  in  a  aircraft  structure. 
The  ultrasonic  response  of  the  structure  is  first  reduced  by  a 
neural  network  (Ref.  3)  to  determine  if  the  structure  is 
bonded  or  disbonded.  If  the  lap  joint  is  disbonded,  the 
resonance  frequency  of  the  top  layer  is  determined  from  a 
fourier  transform  of  the  response.  The  thickness  of  the  layer 
calculated  from  the  resonance  frequency  is  displayed  on  a 
color  monitor  as  a  color  coded  pixel.  The  process  is  real  time, 
all  the  processing  being  performed  in  a  time  insignificant  to 
the  time  require  to  move  the  transducer  to  a  new  position. 
The  result  is  a  real  time  image  of  the  extent  of  disbonding 
and  corrosion  in  the  lap  joint.  A  typical  image  is  shown  in 
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Figure  5.  Image  of  corrosion  in  lap  joint  as  measured  with 
ultrasonic  system. 


Figure  5.  The  specimen  is  the  same  panel  inspected  with  the 
self-nulling  probe.  As  can  be  seen  from  the  figure,  the 
agreement  between  the  two  techniques  as  to  the  extent  of 
corrosion  is  very  good. 

4  THERMOTtRAPHIC  inspection  system 

Thermographic  imaging  is  a  relatively  new  technique  for 
inspection  of  aerospace  structures.  Thermographic  imaging 
has  a  significant  advantage  over  other  techniques  in  that  it 
does  not  require  physical  contact  between  the  inspection 
system  and  the  aircraft.  Infrared  thermography  is  performed 
with  an  infrared  imager  capable  of  scanning  large  areas  in  a 
fraction  of  a  second.  Recent  technological  developments 
have  enhanced  thermographic  inspections,  significantly 
increasing  the  reliability  of  the  technique.  In  particular,  the 
development  of  inexpensive  image  processors  and  high  speed 
computers  have  permitted  precise  timing  of  the  application  of 
heat,  an  increased  signal  to  noise  ratio  for  thermographic 
images  and  enabled  the  development  of  post  processing 
procedures. 

Thermographic  inspection  involves  the  application  of  heat  to 
the  surface  of  a  structure  and  subsequent  measurement  of  the 
surface  temperatures  as  a  function  of  time.  For  aircraft  lap 
joint  inspections,  flash  lamps  or  quartz  lamps  are  used  to 
apply  heat  to  the  exterior  surface  of  the  aircraft  and  the 
temperature  of  the  exterior  surface  temperature  is  measured 
with  an  infrared  camera.  In  a  relatively  short  period  of  time, 
heating  the  surface  creates  a  temperature  differentials  where 
there  are  variations  in  the  local  heat  flow  characteristics  of 
the  structure.  The  presence  of  corrosion  reduces  the  heat  flow 
from  the  upper  to  lower  layers  of  the  structure.  This  reduction 
of  heat  flow  is  reflected  in  an  increase  in  temperature  over 
the  corroded  region  which  can  be  used  to  identify  these 
regions. 

The  surface  temperature  as  a  function  of  time  is  measured 
with  an  infrared  imager  consisting  of  a  single  liquid  nitrogen 
cooled  HgCdTe  detector  (8-12  pm).  By  scanning  the  focus 
of  the  detector  over  the  field  of  view,  the  infrared  radiation 
from  the  surface  is  measured.  For  a  surface  emissivity  of  1, 
this  radiation  is  a  function  of  the  temperature  of  the  surface. 
For  emissivity  of  the  surface  less  than  1,  the  radiation  from 
the  surface  is  a  function  of  the  surface  temperature  plus  a 
reflection  of  background  infrared  radiation.  Bare  aluminum 
surfaces  have  emissivities  of  less  the  0.1,  therefore  infrared 


0%  5%  10%  15% 

Figure  6.  Thermographic  quantification  of  corrosion  in 
single  layer  of  aluminum.  (Ref.  4) 


images  of  bare  surfaces  represent  the  background  infrared 
fields  rather  than  the  surface  temperature. 


To  perform  measurements  on  aluminum,  a  thin  layer  of  high 
emissivity  material  must  be  applied  to  the  surface.  Paint  is 
typically  an  excellent  emissivity  coating,  with  a  high 
emissivity  independent  of  the  color  in  the  8-12  pm  region. 
Therefore  aircraft  which  are  painted  typically  require  no 
special  treatment  before  inspection.  An  unpainted  aircraft  can 
be  coated  with  commercially  available  water  washable 
coatings  to  increase  the  surface  emissivity. 


For  quantitative  measurements  synchronization  is  required 
between  the  heating  and  data  acquisition.  The  precise  timing 
is  provided  by  synchronizing  the  data  acquisition  and  the 
application  of  heat  with  a  small  microcomputer.  The 
microcomputer  also  allows  processing  of  the  data  to  enhance 
the  contrast  between  corroded  and  noncorroded  regions  and 
perform  quantitative  measurements. 


For  a  single  thin  aluminum  layer,  1mm  in  thickness,  the 
temperature  following  flash  heating  of  the  surface  achieves  a 
through  the  thickness  equilibrium  in  less  than  30  msec.  Since 
this  is  faster  than  the  typical  scan  rate  of  the  infrared  imager, 
the  first  image  obtained  is  of  the  equalized  state  where  the 
change  in  temperature  is  given  by 


AT(x,  y) 


H(x,  y) 
pcl(x,y) 


(5), 


where  H(x,y)  is  the  heat  deposited  by  the  flash  as  a  function 
of  position,  p  is  the  density,  c  is  the  specific  heat  and  l(x,y)  is 
the  thickness  as  a  function  of  position.  For  the  region  of 
interest,  H(x,y)  is  either  constant  or  slowly  varying  function 
which  can  be  independently  determined  (Ref.  4).  For  this 
case,  the  thickness  as  a  function  of  position  can  be 
determined  by  inverting  equation  5  to  give 


i(x,  y) 


H(x,y) 
pcAT(x,  y) 


(6). 


Images  on  material  loss  in  a  single  layer  of  aluminum  is 
shown  in  Figure  6.  As  can  be  seen  from  this  image  there  is 
good  agreement  between  the  material  loss  as  estimated  from 
this  technique  and  mechanical  measurements.  This 
relationship  is  only  accurate  while  there  is  not  significant 
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Figure  7.  Image  of  corrosion  in  lap  joint  specimen  obtain 
from  thermographic  technique. 


lateral  heat  flow  in  the  layer.  For  longer  times,  lateral  heat 
flow  reduces  the  contrast  between  corroded  and  noncorroded 
regions. 


A  similar  relationship  to  equation  6  can  be  determined  for 
step  heating  of  the  layer,  where  the  flash  heating  is  replaced 
by  a  constant  flux.  For  this  case,  the  inversion  has  the  form 


l(x,  y) 


F(x,y) 


pc 


dT(x,  y) 
dt 


(7), 


where  F(x,y)  is  the  flux  applied  to  the  surface.  This  can  be 
applied  to  data  taken  with  quartz  lamps,  however,  with  these 
systems  the  flux  is  not  typically  a  step  function  in  time  and 
the  time  derivative  requires  acquisition  of  temperature  at 
several  different  times  allowing  lateral  heat  flow  during  the 
measurement.  As  a  result  quantitative  measurements  with 
quartz  lamps  is  more  difficult. 


material  loss  and  material  loss  calculated  from  x-ray 
attenuation  in  specimens.  (Ref.  6) 

from  which  x-rays  are  emitted.  The  structure  to  be  inspected 
is  placed  a  sufficient  distance  from  the  source  to  illuminate 
the  region  of  interest.  For  “Reverse  Geometry  X-rays®”  the 
source  is  a  scanned  source  which  is  placed  near  the  structure. 
In  contrast  to  conventional  radiography  where  an  area 
detector  is  typically  used,  the  radiation  intensity  for  “Reverse 
Geometry  X-rays®”  is  measured  with  a  point  detector.  By 
synchronization  of  the  detector  output  with  the  position  of  the 
x-ray  source,  an  x-ray  image  of  the  structure  being  inspected 
is  generated. 


Quantitative  measurements  in  multilayered  structures  is  also 
difficult,  requiring  separation  of  the  thermal  response  of  the 
aluminum  layers  from  layers  of  corrosion  products,  adhesive 
materials  and  air  gaps.  This  is  possible  if  the  initial  time 
dependence  of  the  temperature  is  known  (Ref.  5),  but  this 
measurement  is  difficult  with  infrared  imagers.  However  the 
infrared  technique  is  still  an  excellent  technique  for  detection 
corroded  regions.  Results  have  indicated  corrosion  with 
material  loss  of  10%  or  more  is  easily  detected  with  this 
technique.  A  thermographic  inspection  of  a  lap  joint 
specimen  with  corrosion  is  shown  in  Figure  7.  As  can  be  seen 
from  the  figure  there  is  good  agreement  between  this 
technique  and  previously  discussed  techniques. 

5  REVERSE  GEOMETRY  X-RAY 

Radiographic  inspection  is  different  from  other  techniques  in 
its  ability  to  perform  full  volume  inspections.  Its  major 
disadvantage  is  safe  application  which  limits  access  to  the 
aircraft  during  the  inspection.  However,  for  some 
inspections,  x-rays  are  capable  of  detecting  flaw  which  are 
inaccessible  with  other  techniques.  A  recent  development  in 
x-ray  radiography  call  “Reverse  Geometry  X-rays®”'  offers 
significant  advantages  over  conventional  radiographic 
techniques. 

The  principle  difference  between  “Reverse  Geometry  X- 
ray®”  imaging  and  conventional  radiography  is  the  source. 
For  conventional  radiography  the  source  is  a  point  source. 


1 .  “Reverse  Geometry  X-ray”  is  a  registered  trade 
mark  of  Digiray  Corporation,  San  Ramon,  CA 


There  are  several  advantages  in  scanning  the  source.  One  is 
that  the  detector  can  be  designed  to  reduce  the  amount  of 
received  scattered  radiation,  which  causes  a  blurring  in  the 
image.  Another  is  that  point  detectors  can  be  made  which  are 
much  smaller  than  conventional  x-ray  sources.  The  detector 
can  be  remotely  positioned  inside  a  structure  to  improve  the 
interpretability  of  the  images.  Finally  more  than  one  point 
detector  can  be  used  at  a  time  to  yield  structural  depth 
information. 

If  scattered  x-rays  are  unable  to  reach  the  detector,  the 
detected  x-ray  intensity  at  energy  E,  1(E),  transmitted  through 
a  single  homogenous  material  is  given  by 

1(E)  =  lQ(E)e“^^^^‘  (8) 

where  Io(E)  is  the  original  x-ray  beam  intensity,  1  the  material 
thickness  transversed  and  p(E)  the  material’s  linear 
attenuation  coefficient.  The  linear  attenuation  coefficient  for 
aluminum  is  strongly  dependent  on  the  x-ray  energy  at  low 
energies  (<40  keV),  while  less  dependent  on  energy  at  higher 
energies.  To  first  order,  for  a  thin  layer  of  material,  the 
energy  spectrum  does  not  change  as  it  passes  through  the 
layer  and  |i(E)  is  assumed  to  be  a  constant.  Using  this 
assumption,  the  natural  logarithms  of  the  ratio  of  transmitted 
to  original  intensity  is  directly  proportional  to  the  material 
thickness  transversed.  This  ratio  can  be  obtained  from  the 
normalized  image  for  an  uncorroded  and  corroded  region  of 
the  sample  and  hence  the  percentage  material  loss  can  be 
calculated. 

The  results  of  measurements  performed  on  a  series  of 
specimens  is  shown  in  figure  8  (Ref.  6).  As  can  be  seen  from 
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the  figure  there  is  generally  good  agreement  between 
mechanical  measurements  and  measurements  from  the 
“Reverse  Geometry  X-ray®”  system.  While  the  overall 
agreement  is  within  2%  of  the  mechanically  measured  value, 
several  points  have  a  large  deviation  from  the  mechanical 
measurements.  This  may  be  a  result  of  corrosion  products 
being  packed  into  the  corroded  area.  If  the  corroded  area  is 
packed  with  corrosion  products,  the  attenuation  in  the  x-rays, 
as  they  passed  through  the  corrosion  products,  will  result  in 
an  apparent  increase  in  the  thickness  of  the  layer.  Other 
efforts  have  shown  it  is  possible  to  eliminate  this  error  by 
performing  measurement  as  several  different  x-ray  energies. 

1 _ CONCLUSION 

New  techniques  are  currently  being  developed  for  the 
detection  and  quantification  of  corrosion.  The  four 
techniques  presented  here  are  eddy  current,  ultrasonic, 
thermographic  and  x-ray  technologies.  Each  of  the 
techniques  complement  each  other  by  filling  a  inspection 
requirement.  The  thermographic  technique  performs  rapid 
surveys  of  the  structure  to  locate  corroded  regions.  The 
ultrasonic  technique  accurately  determines  the  thickness  of 
the  top  layer.  The  eddy  current  is  able  to  quantify  the 
material  loss  in  one  than  more  layer.  Finally  the  x-ray 
technique  is  able  to  detect  corrosion  in  built  up  structures. 
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ABSTRACT 


Coating  systems  on  military  and  commercial  aircraft  perform  a 
variety  of  functions.  Clearly,  the  most  critical  of  these  is  the 
protection  of  aircraft  structures  from  environmental 
degradation.  Protective  coatings  serve  as  the  primary  defense 
against  corrosion  of  aircraft  metallic  alloys,  as  well  as 
degradation  of  other  materials  such  as  polymeric  composites. 
Traditional  coatings  for  aircraft  include  epoxy  primers  and 
polyurethane  topcoats.  Primers  normally  contain  high 
concentrations  of  corrosion  inhibitors,  such  as  chromates,  and 
they  are  designed  to  provide  superior  adhesion  and  corrosion 
protection.  Polyurethane  topcoats  are  formulated  to  enhance 
protection  and  durability;  they  also  provide  desired  optical 
effects  (i.e.,  aesthetics  or  camouflage).  More  recently, 
alternative  coatings  have  been  developed,  such  as  self-priming 
topcoats,  flexible  primers,  temporary  and  multi-functional 
coatings.  Tliese  new  developments  reflect  trends  in  protective 
coatings  teclmology,  changes  in  aircraft  operational 
requirements/capabilities,  and,  most  dramatically,  concerns 
over  enviroiunental  protection  and  worker  safety.  This  issue 
has  created  a  drive  toward  coatings  with  low  (possibly  zero) 
concentrations  of  volatile  organic  compounds  (VOCs)  and 
non-toxic  corrosion  inhibitors.  In  turn,  these  changes  have  led 
to  concerns  over  long-term  performance,  especially  protection 
against  corrosion.  This  paper  reviews  current  organic  coatings 
teclmology  for  the  protection  of  aircraft  structures  and 
discusses  future  needs  and  trends  based  on  advancing 
technology,  environmental  concerns,  and  operational 
requirements. 


INTRODUCTION 

Coating  systems  on  military  and  commercial  aircraft  perform  a 
wide  variety  of  functions;  tliey  provide  desired  optical  effects 
(i.e.,  aesthetics,  camouflage),  corrosion  prevention,  erosion 
control,  markings,  electrical  grounding,  electromagnetic 
shielding,  as  well  as  other  specialized  properties.  Clearly, 
their  most  critical  contribution  is  the  protection  of  materials 
and  structures  from  corrosion  and  other  forms  of 
environmental  degradation.  A  United  States  Air  Force  study 
(1)  has  concluded,  "The  rate  controlling  parameter  for  the 
corrosion  of  aircraft  alloys,  excluding  the  mechanical  damage 
factor,  is  the  degradation  time  of  the  protective  coating 
system."  It  must  be  emphasized  that  coatings  protect  not  only 
metallic  alloys  from  corrosion,  but  also  plastics  and  polymeric 
composites  from  various  degradation  mechanisms  (2). 


Careful  consideration  of  aircraft  materials  deterioration  is 
essential,  due  to  the  high  cost  of  these  aircraft  in  addition  to 
the  severe  environmental  and  conditions  in  which  they 
operate.  For  example,  many  military  aircraft  are  deployed  at 
coastal  land  bases  or  on  board  aircraft  carriers.  The 
continuous  proximity  to  salt  water  and  high  humidity 
combined  with  atmospheric  impurities  cause  one  of  the  most 
corrosive  natural  environments.  Another  example  is  the 
frequency  of  cabin  pressurization/de-pressurization  wth 
commercial  flights.  Multiple  daily  flights  over  long  periods  of 
time  cause  fatigue,  which  combined  with  corrosion,  can  cause 
rapid  catastrophic  damage.  In  addition,  many  operational  and 
maintenance  chemicals  commonly  used  or  found  on  aircraft, 
such  as  paint  strippers,  battery  acid,  de-icing  fluids,  and 
cleaners,  are  corrosive.  These  effects  are  exaggerated  even 
more  so  with  aging  conunercial  and  military  aircraft  fleets. 

Because  of  the  performance  benefits  provided  by  coatings,  and 
the  high  cost  of  aerospace  systems,  only  the  most  protective 
and  durable  paints  have  been  developed  and  used  on  aircraft. 
They  must  meet  demanding  criteria,  including: 

(i)  room  temperature  cure  (high  temperature  and  ultraviolet 
cure  are  currently  impractical  except  for  small  parts), 

(ii)  long-term  corrosion  protection  and  excellent  adhesion  to 
a  wide  variety  of  substrates, 

(iii)  resistance  to  aggressive  operational  and  environmental 
chemicals  (hydraulic  fluids,  engine  oils,  fuels,  sea  spray, 
etc.),  and 

(iv)  superior  long  term  exterior  durability  with  minimal 
change  in  optical  or  physical  properties. 

In  many  cases,  the  coating  systems  used  over  the  past  25  years 
consisted  of  epoxy  primers  and  polyurethane  topcoats.  Theses 
materials  have  met  the  aforementioned  aerospace  demands 
and  have  provided  superior  corrosion  protection,  especially 
when  combined  with  diligent  maintenance  practices. 

Recently,  alternative  coatings  have  been  developed,  such  as 
self-priming  topcoats,  flexible  primers,  temporary  and  multi¬ 
functional  coatings.  Other  changes  in  coating  composition  and 
application  procedures  have  occurred  because  of  concerns  for 
environmental  protection  and  worker  safety.  Many  of  these 
coatings  have  contained  high  levels  of  volatile  organic 
compounds  (VOCs)  as  solvents  and  plasticizers,  and  heavy 
metal  compounds  as  corrosion  inhibitors  and  colorants,  These 
ingredients  are  being  severely  regulated  and  coating 
formulations  are  being  drastically  changed  accordingly. 
Nonetheless,  corrosion  protection  remains  a  primary 
requirement  and  therefore  these  changes  have  led  to  justified 
concerns  over  long  term  performance.  These  issues  are  all  at 
the  forefront  of  coatings  technology. 


Paper  presented  at  the  79th  Meeting  of  the  AGARD  Structures  and  Materials  Panel  on  “Corrosion  Detection  and 
Management  of  Advanced  Airframe  Materials"  held  in  Seville,  Spain,  5-6  October  1994. 
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This  paper  is  a  general  review  of;  mechanisms  by  which 
coatings  protect  aircraft,  standard  coatings  (i.e.,  primers  and 
topcoats)  and  coating  systems,  specialty  coatings  (i.e.,  fuel 
tank,  high  temperature,  rain  erosion),  environmentally 
compliant  coatings  issues,  and  future  trends  in  aircraft 
coatings  technology. 

CORROSION  CONTROL  BY  ORGANIC  COATINGS 

Modem  aircraft  are  complex  structures  which  are 
manufactured  from  a  large  variety  of  materials.  Although 
aluminum  alloys  are  most  common  on  aircraft  due  to  their 
high  specific  strength.  There  are  also  numerous  alloys  of 
steel,  titanium,  and  magnesium,  all  of  which  can  be  treated 
with  a  myriad  of  inorganic  or  metallic  coatings  prior  to 
painting.  The  use  of  polymeric  composites,  which  may 
contain  highly  cathodic  carbon  fibers  (3),  and  engineering 
plastics,  which  may  be  partially  conductive,  increases  the 
complexity  of  corrosion  control.  Nonetheless,  coatings  are 
designed  to  protect  all  of  these  surfaces  from  degradation. 
Since  aluminum  is  the  most  common  material,  the  corrosion 
mechanisms  most  common  with  its  alloys  are  frequently 
observed  on  aircraft  structures.  These  include  intergranular, 
exfoliation,  galvanic,  pitting,  and  filiform  corrosion. 

Reference  (4)  provides  an  excellent  documentation  of  aircraft 
corrosion  causes  and  case  histories.  References  (5)  &  (6) 
describe  guidelines  and  specifications  for  aircraft  corrosion 
control. 

Corrosion  of  painted  aircraft  structures  can  occur  underneath 
the  coating  or,  more  commonly,  at  defects  in  the  coating  or 
discontinuities  in  the  substrate  (i.e.,  fasteners,  rivets,  comers, 
joined  or  faying  surfaces,  etc.).  In  fact,  one  of  the  most 
common  locations  for  corrosion  to  occur  is  around  fastener 
heads,  which  attach  the  aircraft  skin  to  the  frame.  Low 
temperature  (-65°C  )  flexing  and  vibration  during  flight 
causes  paint  around  the  fastener  heads  to  crack,  thereby 
exposing  the  underlying  bare  metal.  Complicating  this  issue 
is  the  dissimilar  metals  between  the  fastener  and  aircraft  skin, 
which  can  lead  to  galvanic  corrosion.  The  coating  system  on 
aircraft  must  prevent  these  types  of  degradation  from 
occurring. 

Regardless  of  the  type  of  corrosion,  the  process  requires  the 
presence  of  water,  anions,  cations  and  oxygen  (7,8).  In 
addition,  although  most  corrosion  processes  arc 
thermodynamically  preferred,  the  rate  of  corrosion  must  be 
substantial  enough  to  be  significant  during  the  lifetime  of  the 
substrate/coating  system.  Aircraft  coating  systems  are 
designed  to  prevent  several  of  these  conditions  from  occurring. 
One  approach  is  having  the  coating  system  form  a  physical 
barrier  between  the  substrate  and  tlie  surrounding 
environment.  The  traditional  coating  system  of  an  epoxy 
primer  and  polyurethane  topcoat  provides  a  very  good  barrier. 
When  combined,  they  have  a  relatively  low  water  absorption 
and  vapor  transmission  rate  (9)  which  effectively  minimizes 
oxygen,  moisture,  and  ions  from  reaching  the  substrate.  This 
is  provided  by  both  the  crosslinked  epoxy  and  polyurethane 
binders,  and  the  pigments,  which  reinforce  the  barrier  effect. 

In  fact  some  lamellar  (plate-like)  fillers  such  as  talc  and  mica 


are  incorporated  into  the  primer  so  that  when  the  coating  is 
applied,  they  will  align  parallel  to  the  substrate  (similar  to 
roof  tiles),  forming  a  more  resistant  environmental  barrier. 

Although  these  coatings  are  designed  to  minimize  the 
transport  of  foreign  species,  especially  those  which  will 
promote  the  corrosion  process,  inevitably  contaminants  will 
reach  the  substrate.  When  this  occurs,  it  is  of  utmost 
importance  that  they  do  not  disrupt  the  coating-substrate 
adhesion.  If  this  were  to  occur,  it  is  likely  that  the  corrosion 
inhibiting  capabilities  of  the  coating  will  be  severely 
diminished.  This  is  especially  true  of  water  which  is  notorious 
for  causing  disbonding  of  coatings  by  preferentially  interacting 
with  the  substrate  (10,1 1).  Therefore,  aircraft  coatings  must 
also  be  capable  of  maintaining  their  adhesive  strength  when 
exposed  to  high  concentrations  of  water.  Coating  adhesion  is 
caused  by  both  mechanical  and  chemical  interactions  between 
the  coating  and  the  substrate.  Mechanical  contributions  are 
caused  by  the  coating  hanging  on  to  microscopic  ridges  or 
teeth  on  the  substrate,  and  this  effect  is  promoted  by  the  use  of 
a  high  tensile  strength  coating  such  as  an  epoxy  primer.  In 
addition,  inorganic  surface  pretreatments  can  increase  the 
surface  roughness  and  chemical  interactions  to  enhance  this 
effect.  Chemical  contributions  to  adhesion  are  created  by 
molecular  interactions  between  the  coating  and  the  substrate. 

In  many  cases  these  interactions  result  in  the  formation  of 
secondary  bonds.  However,  it  has  been  shown  that  primary 
bonding  between  the  coating  and  substrate  can  occur,  and  this 
mechanism  is  more  likely  to  prevent  disbonding  due  to  water 
(12).  Therefore,  aircraft  coatings  must  not  only  delay  the 
diffusion  of  foreign  species  to  the  substrate,  but  they  must  also 
resist  the  effects  if  these  species  reach  the  coating-substrate 
interface. 

As  mentioned  above,  another  area  where  corrosive  media  can 
reach  a  substrate  is  at  discontinuities  in  the  structure  where 
paint  can  crack  and  chip.  One  classic  example  is  around 
fastener  heads.  Epoxy  primers  used  on  aircraft  are  brittle, 
especially  at  low  temperatures,  which  are  experienced  at  high 
altitudes.  When  the  aircraft  vibrates  and  flexes  during  flight, 
the  coating  system  can  crack.  In  order  to  prevent  this  mode  of 
coating  failure,  elastomeric  primers  (i.e.,  polyurethanes, 
toughened  epoxy,  or  polysulfides)  can  be  used.  It  has  been 
shown  that  use  of  these  coatings  will  enhance  the  flexibility 
and  toughness  of  the  coating  system,  thus  preventing  these 
failures  and  susceptibility  to  corrosion  (13). 

The  above  cases  describe  how  coatings  prevent  corrosion  by 
maintaining  an  effective  barrier  between  the  substrate  and  the 
corrosive  environment.  Another  important  mechanism  by 
which  coatings  protect  aircraft  structures  is  the  incorporation 
and  use  of  chemically  active  corrosion  inhibiting  pigments. 
They  perform  at  sites  where  bare  metal  is  exposed  by  making 
the  corrosion  mechanism  thermodynamics  unfavorable  and/or 
by  slowing  the  corrosion  reaction  kinetics  to  a  minimal  rate. 
Traditionally,  strontium,  barium,  zinc,  and  lead  chromates 
have  been  used  in  aircraft  primers  for  this  purpose. 

Chromates  are  oxidizing  inhibitors  which  adsorb  onto  the 
metal  surface,  repair  the  passivating  oxide  film,  and 
effectively  inhibit  the  corrosion  process  (14-16).  This 
mechanism  has  been  termed  precipitation  inhibition  and  it  is 
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highly  dependent  upon  the  solubility  of  the  pigment  in  water 
and  tlie  diffusion  (leaching)  rate  of  the  chromate  ion  out  of  the 
coating  to  susceptible  areas.  Simply  stated,  the  inhibitor  ions 
leach  out  of  the  coating  at  defects  and  actively  inhibit 
corrosion  of  the  exposed  metal.  If  the  leaching  rate  is  too 
slow,  not  enough  chromate  ion  will  be  available  to  prevent 
corrosion.  If  the  rate  is  too  high,  the  coating  system  will 
prematurely  become  deficient  of  inhibitors,  causing  long  term 
corrosion  problems.  The  rate  of  this  transport  is  highly 
dependent  upon  temperature,  pH,  and  interactions  between  the 
pigment  and  binder  system.  Therefore,  each  coating  must  be 
specifically  developed  to  perform  in  the  intended  application. 

Until  recently,  chromates  were  virtually  the  sole  source  for 
active  corrosion  inhibition  in  aircraft  coatings.  This  was  due 
to  their  outstanding  performance  in  protecting  nearly  all 
metals  in  a  large  range  of  environments.  However,  chromates 
have  been  shown  to  be  carcinogenic,  and  their  use  and 
disposal  are  being  severely  restricted.  (See  section  on 
COMPLIANT  COATINGS  ISSUES.)  This  has  led  to  much 
research  and  development  of  non-toxic  inhibitors  for  use  in 
coatings,  including  Aose  for  aircraft.  Pigments  which  have 
been  investigated  as  alternatives  include  phosphates,  borates, 
molybdates,  nitrates,  and  silicates.  The  mechanisms  by  which 
these  inhibitors  perform  have  not  been  thoroughly  defined. 
Proposed  mechanisms  for  zinc  phosphate  include  the 
adsorption  of  ammonium  ions,  complex  formation  on  the 
exposed  surface,  passivation  through  a  phosphating  process, 
and  anodic/cathodic  polarization.  Phosphates,  borates,  and 
silicates  are  generally  regarded  as  anodic  passivators  which 
reduce  the  rate  of  corrosion  by  increasing  anodic  polarization. 
Molybdates  also  have  been  classified  as  anodic  inhibitors  and 
especially  effective  at  inhibiting  propagation  of  pits.  At  high 
concentrations,  the  oxidizing  action  of  molybdates  is  the  main 
factor  behind  its  corrosion  inhibiting  ability.  Molybdate  ions 
migrates  into  anodic  areas  and  accumulates  there,  especially  in 
pitted  areas. 

Although  these  pigments  individually  provide  some  level  of 
corrosion  inhibition,  in  general,  one  for  one  substitution  for 
clrromates  has  not  resulted  in  coatings  with  equivalent 
corrosion  prevention  capabilities.  However,  a  number  of 
researchers  have  found  that  combinations  of  inhibitors  provide 
nearly  equivalent  or  superior  properties  as  chromates  (17-19). 
hi  some  cases,  synergistic  effects/performance  have  been 
reported.  For  example  a  series  of  primers  and  self-priming 
topcoats  which  contain  inhibitor  pigmentation  mixtures  have 
been  developed  for  aircraft  applications  (18,20).  In  another 
example,  although  not  investigated  specifically  for  aircraft 
coatings.  Hare  and  Femald  have  reported  good  corrosion 
inhibition  with  manganese  tetroxide  combined  with  calcium 
borosilicate  (21).  Also,  alkaline  extenders,  such  as 
wollastonite,  have  displayed  a  synergistic  effect  with 
inhibitive  pigments  as  described  in  reference  (22).  These 
results  have  been  displayed  in  accelerated  laboratory 
exposures,  electrochemical  analysis,  and,  most  importantly, 
real  world  applications.  A  direct  cause  and  effect  relationship 
for  these  results  has  not  been  definitively  proven.  However,  it 
has  been  postulated  that  combinations  of  inhibitors  provide  a 
variety  of  inhibition  mechanisms  which  may  prevent  the 


aforementioned  types  of  corrosion  by  affecting  the 
thermodynamics  and/or  kinetics  of  the  corrosion  process.  In 
addition,  interactions  may  occur  between  inhibitors,  causing 
the  noted  synergistic  effects. 


STANDARD  FINISHING  SYSTEM 

The  most  common  organic  coating  system  applied  to  the 
exterior  surfaces  of  military  and  commercial  aircraft  consists 
of  a  solvent-borne  epoxy  primer  and  a  solvent-borne 
polyurethane  topcoat.  In  addition  to  this  primer  and  topcoat 
paint  system,  other  technologies  have  been  introduced  such  as 
water-borne  epoxy  primers,  self-priming  topcoats,  and  flexible 
primers.  These  organic  coatings  are  applied  over  inorganic 
surface  treatments  to  further  enhance  their  performance 
properties.  All  of  these  coating  systems  have  protected 
aircraft  structures  from  the  frequently  harsh  operational 
environment  due  to  their  exceptional  corrosion  inhibition, 
adhesion,  and  durability  characteristics.  The  practical  lifetime 
of  these  coatings  on  military  and  commercial  aircraft  exterior 
surfaces  is  4  to  8  years,  after  which  the  coating  system  is 
chemically  removed  via  methylene  chloride  based  materials  or 
ablatively  removed  using  focused  mechanical  and/or  intense 
light  energy  methods  (i.e.  plastic  media,  waterjet,  wheat 
starch,  carbon  dioxide,  flashlamp,  and/or  laser).  The  aircraft 
exterior  surface  is  subsequently  cleaned,  pretreated,  and 
repainted.  A  general  description  of  the  finishing  system  used 
on  aircraft  is  outlined  in  references  (6,23-26). 

In  general,  the  coating  materials,  processes,  and  specification 
requirements  used  by  the  military  and  the  commercial  sector 
are  very  similar.  However,  there  are  slight  differences 
between  commercial  and  military  coatings  in  that  the  specific 
needs  of  the  user  activity  are  addressed.  For  instance,  the 
commercial  sector  requires  more  strict  operational  fluid 
resistance  properties  and  places  more  emphasis  on  aesthetics, 
whereas  the  military  requires  increased  corrosion  resistance 
and  minimized  detectability.  The  critical  properties  of 
commercial  and  military  coatings  are  listed  in  Table  1 . 

SURFACE  PREPAINT  TREATMENTS  AND  COATINGS 

The  primary  goal  of  surface  preparation  and  pretreatment 
processes  is  the  enhancement  of  tlie  corrosion  resistance  and 
adhesion  properties  of  subsequent  organic  coatings.  Proper 
surface  preparation  is  an  important  step  in  the  protective 
treatment  of  aluminum,  and  is  accomplished  by  using 
materials  such  as  alkaline  cleaners,  etchants  and  deoxidizers. 
These  materials  remove  organic  contamination  along  with  the 
existing  surface  oxide  layer  of  the  aluminum  to  prepare  it  for 
subsequent  chemical  pretreatments.  These  protective 
pretreatments  are  used  because  of  their  enliancement  of  the 
overall  protective  finishing  system.  For  example,  the  U.S. 
Navy  specifies  the  MIL-S-5002  "Surface  Treatments  and 
Inorganic  Coatings  for  Metal  Surfaces  of  Weapon  Systems" 
Military  Specification  for  surface  preparation  and  pretreating 
of  virtually  every  aircraft  and  tveapon  system  they  use.  The 
two  primary  surface  pretreatments  for  aircraft  are  chromate 
conversion  coatings  and  anodic  films.  Chromate  conversion 
coatings  (CCC)  are  excellent  surface  pretreatments  for 
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aluminum  alloys.  These  materials  chemically  form  a  surface 
oxide  film  (typically  40-60  mg/ff^),  which  enhances  the 
overall  adhesion  and  corrosion  prevention  properties  of  the 
protective  finishing  system  applied  over  them,  .^odize 
processes  form  a  thicker  oxide  film  (200+  mg/ft^)  by 
electrochemical  means  which  provides  more  protection  against 
degradation  than  chemical  conversion  coatings. 

One  of  the  main  environmental  thrusts  in  the  pretreatment 
area  is  the  total  elimination  of  hexavalent  chromium.  This 
toxic  material  has  been  used  widely  in  the  aforementioned 
processes  because  of  its  outstanding  performance  as  a 
corrosion  inhibitor  for  aluminum.  This  property  is  of 
particular  importance  to  the  aerospace  industry  due  to  the 
extensive  use  of  aluminum  in  aircraft  and  aerospace  systems. 
Chromium  VI  is  a  known  carcinogen,  however,  and  regulatory 
agencies  have  recently  enacted  rules  which  limit  or  prohibit 
the  use  of  this  material.  This  has  resulted  in  a  need  for 
alternative  materials  to  be  developed. 

Non-chromated  alkaline  cleaners  and  non-chromated 
deoxidizers  have  been  identified  as  acceptable  alternatives  to 
the  current  chromated  processes,  and  are  being  implemented 
by  most  of  the  U.S.  aerospace  industry.  These  materials  have 
provided  satisfactory  performance  in  these  surface  preparation 
operations  and  in  some  cases  they  have  been  more  cost 
effective  than  their  chromated  predecessors.  Typical  CCC 
film  performance  requirements  are  covered  by  MIL-C-5541 
“Chemical  Conversion  Coatings  on  Aluminum  and  Aluminum 
Alloys”  and  CCC  material  properties  are  described  in  MEL-C- 
81706  “Chemical  Conversion  Materials  for  Coating 
Aluminum  and  Aluminum  Alloys.”  Numerous  non-chromated 
surface  pretreatment  materials  have  been  investigated  as 
replacements  for  the  CCC.  A  summary  of  one  such 
investigation  is  described  in  Reference  (27).  While  there  have 
been  some  promising  alternatives  based  on  performance,  these 
alternatives  have  had  eitlier  process  or  performance 
deficiencies  that  limit  their  use  as  across  the  board 
replacements.  Chromic  acid  anodizing  (CAA)  has  been 
widely  used  in  aerospace  production  and  maintenance 
operations.  Typical  performance  requirements  for  this  type  of 
film  are  described  in  MIL-A-8625  Type  I  "Anodic  Coatings, 
for  Aluminum  and  A1  Alloys."  However,  due  to  the  increasing 
restrictions  on  hexavalent  chromium,  several  potential 
alternatives  have  been  identified  and  incorporated  into  the 
MIL-A-8625F  specification.  These  alternatives  are: 
sulfuric/boric  acid  anodize  (Type  IC),  sulfuric  acid  anodizing 
(Type  H),  and  thin  film  sulfuric  acid  anodizing  (Type  DB). 
hiformation  on  these  processes  can  be  obtained  from 
References  (28-31). 

PRIMER 

Epoxy  resins  are  commonly  used  as  binders  in  high 
performance  primers  due  to  their  exceptional  adhesion  and 
chemical  resistance  properties.  The  solvent-borne  epoxy 
primer  is  manufactured  and  packaged  as  a  two  component 
epoxy/polyamide  system.  One  component  contains  an  epoxy 
resin  which  is  the  product  of  a  condensation  reaction  between 
epichlorohydrin  and  bisphenol  A.  The  second  component  is  a 
solution  of  a  multi-functional  polyamide  resin  in  a  solvent 


blend.  Upon  mixing  the  two  components,  which  is  done  just 
prior  to  application  of  the  primer,  reaction  of  epoxide  and 
amide  groups  within  the  resins  ensues: 

0  0  OH  O 

/  \  II  I  II 

R-CH-CH2  +  R’-C-NH2  -+  R-  CH-CH2  -NH-C-R’ 

The  product  of  this  reaction  is  a  highly  crosslinked  polymer 
which  forms  the  matrix  of  the  primer  film.  The  chemical  and 
mechanical  properties  of  the  epoxy  matrix  cause  the  primer  to 
be  adherent,  chemically  resistant,  and  durable.  Hydroxyl 
groups  on  the  solid  epoxy  are  usually  given  credit  for  the 
excellent  adhesion  of  these  coatings.  References  (32)  and  (33) 
provide  detailed  discussions  of  epoxy  resin  chemistry  for 
coatings. 

The  epoxide  component  of  the  primer  contains  various 
pigments,  including  titanium  dioxide,  strontium  chromate,  and 
extender  pigments.  Strontium  chromate  is  the  most  critical  of 
these  pigments  since  it  is  well  known  as  an  exceptional 
corrosion  inhibitor,  especially  for  aluminum.  Titanium 
dioxide  in  the  primer  enhances  durability,  chemical  resistance, 
and  opacity  of  the  applied  coating.  The  extender  pigments  can 
be  silicas,  silicates,  carbonates,  or  sulfates.  The  extenders  are 
normally  inexpensive  and  provide  a  cost  effective  component 
which  "fills"  the  coating  and  reduces  gloss  of  the  applied  film. 
The  surface  irregularities  which  cause  gloss  reduction  also  act 
as  anchors  for  a  topcoat,  thus  enhancing  inter-coat  adhesion  by 
improving  the  mechanical  attachment.  References  (24)  &  (25) 
provide  a  comprehensive  review  of  epoxy  primer  technology 
for  aircraft  applications. 

Upon  mixing  the  two  components  of  the  epoxy/polyamide 
primer,  the  curing  reaction  begins.  At  this  stage,  the  coating  is 
suitable  for  spray  application.  After  application  of  the  coating 
to  a  dry  film  thickness  of  13  to  38  microns  (0.5  to  1.5  mils), 
the  coating  is  tack-free  within  1  to  5  hours  and  dry  hard  within 
6  to  8  hours.  If  a  topcoat  is  to  be  applied,  it  is  usually 
accomplished  within  the  tack-free  to  dry  hard  time  period  to 
ensure  proper  adhesion.  The  primer  attains  sufficient  dry  film 
properties  within  7  days  of  application. 

Since  water  is  a  primary  factor  in  reducing  adhesion  of  paint 
films  and  causing  cathodic  disbondment,  adhesion  is 
considered  a  critical  paint  performance  property.  Adhesion  of 
the  primer  is  characterized  by  a  tape  test  after  a  24  hour 
immersion  exposure  period  in  distilled  water  (34).  The 
required  performance  is  no  coating  removal  from  the  substrate. 
Adhesion  is  also  characterized  by  a  method  which  quantifies 
the  force  required  to  scrape  the  primer  from  the  substrate  (35). 
Typically  scrape  adhesion  values  of  at  least  3  kg  is  considered 
acceptable.  Other  adhesion  tests  primarily  employed  in  the 
research  and  development  laboratories  are  the  tensile  adhesion 
and  Hesiometer  knife-cutting  adhesion  tests  (36).  These 
sophisticated  laboratory  adhesion  tests  yield  quantitative  data 
but  require  more  training  and  expertise  to  perform  the  tests 
and  to  analyze  data  compared  to  the  tape  and  scrape  adhesion 
tests. 

Corrosion  resistance  is  evaluated  by  applying  the  primer  to  a 
chromate  conversion  coated  aluminum  substrates  such  as  2024 
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T3.  After  curing  for  7  days,  the  primer  is  scribed  with  an  "X" 
so  that  the  substrate  is  exposed.  Resistance  to  5%  NaCl  salt 
fog  exposure  is  required  such  that  no  substrate  corrosion  or 
coating  defects  are  produced  after  2000  hours  of  exposure  (see 
Figure  1).  Note  forFigure  1;  MIL-P-23377  is  a  strontium 
chromate-containing  primer  which  is  coitunonly  used  in 
military  aerospace  applications.  Resistance  to  filiform 
corrosion  after  exposure  to  hydrochloric  acid  for  one  hour 
followed  by  exposure  to  high  humidity  for  1000  hours,  is 
required  for  primers.  Generally,  specimens  should  not  exhibit 
filiform  gro\^  from  the  scribe  greater  than  3.175  mm  (0.125 
in).  In  addition  to  the  salt  fog  and  filiform  tests,  the  U.S. 
military  also  requires  the  corrosion  resistance  of  primed  and 
then  scribed  aluminum/graphite  epoxy  specimens.  This  forms 
a  galvanic  couple  which  must  withstand  5%  NaCl  salt  fog 
exposure  for  500  hours  such  that  pitting  greater  than  1  mm 
(0.039  in)  is  not  produced.  S02/salt  fog  exposure  and 
electrochemical  impedance  spectroscopy  have  also  been  used 
to  evaluate  the  corrosion  resistance  properties  of  coating 
systems. 

WATERBORNE  PRIMER 

The  high  performance  waterborne  epoxy  primer  that  is 
currently  used  on  exterior  surfaces  of  many  military  aircraft 
was  developed  (37)  and  implemented  into  the  U.S.  aerospace 
commimity  in  the  late  1970’s  to  mid  1980’s.  (Although  tiiis 
technology  is  currently  used  only  on  interior  surfaces  of 
commercial  aircraft  (38),  it  is  expected  to  be  implemented  on 
exterior  commercial  aircraft  surfaces  in  the  near  future.)  This 
primer  is  supplied  as  a  2  component  epoxy/amide  or 
epoxy/amine  system.  The  resin  systems  are  water-reducible 
and  film  formation  occurs  via  coalescence  of  resin  particles 
and  crosslinking  of  the  epoxy/polyamide  reactive  groups.  The 
pigments  used  are  similar  to  those  used  in  the  solvent-borne 
primer  system.  For  example,  strontium  chromate  pigment  is 
used  as  the  primary  active  corrosion  inhibitor  in  many 
waterborne  primers.  Organic  co-solvents  and  surface  active 
agents  are  also  used  to  enhance  formulation  and  processing 
properties  such  as  water  miscibility  and  dispersion  stability,  as 
well  as  film  formation  and  quality. 

FLEXIBLE  PRIMER 

The  epoxy  primer  is  brittle,  especially  at  low  temperatures  (- 
5 1°C),  which  can  potentially  result  in  extensive  cracking  of 
the  paint  system  in  highly  flexed  areas  of  the  aircraft. 

Sealants,  which  are  sometimes  spray  applied  between  the 
primer  and  topcoat  in  aircraft  finishing  systems,  to  increase 
overall  coating  system  flexibility,  are  soft,  easily  deformed, 
and  difficult  to  apply  and  remove.  An  alternative  is  an  organic 
coating  that  possesses  the  adhesion  of  a  primer  and  the 
flexibility  of  a  sealant,  thus  eliminating  the  logistical  and 
application  problems  inherent  in  stocking  and  applying  two 
materials  instead  of  one.  An  elastomeric  primer  which 
provides  tliese  benefits  has  been  characterized  and 
implemented  on  Navy  aircraft.  This  material  is  based  on 
polyurethane  resin  technology  and  a  pigment  system  which 
contains  strontium  chromate  for  corrosion  inliibition  and 
extender  pigments  for  gloss  control.  Most  of  the  requirements 
for  tliis  flexible  primer  are  similar  to  those  in  the  current 


epoxy  primer  specifications,  with  the  exception  of  film 
flexibility,  which  is  significantly  more  stringent  than  those 
exhibited  by  the  current  epoxy  primers:  80%  versus  10% 
room  temperature  elongation,  respectively.  One  of  the  major 
coating  failure  mechanisms  on  aircraft  is  cracking  around 
fasteners,  thus  exposing  bare  metal.  Application  of  this 
coating  to  numerous  U.S.  Navy  and  Air  Force  aircraft  has 
resulted  in  less  coating  system  failures  due  to  cracking  and 
chipping. 

TOPCOAT 

A  high  performance  topcoat  is  applied  to  aircraft  in  order  to 
enhance  protection  against  the  operational  environment  and  to 
provide  desired  optical  properties.  Aliphatic  polyurethane 
coatings  are  ideal  for  this  application  due  to  their  superior 
weather  and  chemical  resistance,  durability,  and  flexibility.  It 
is  interesting  to  note  that  although  polyurethane  topcoats  have 
become  increasingly  popular  over  the  last  twenty-five  years, 
initial  versions  of  these  materials  were  applied  to  German 
aircraft  during  World  War  II. 

Polyurethanes  are  a  huge  class  of  polymers  with  a  wide  variety 
of  chemical  and  physical  properties.  Most  urethanes  used  in 
aircraft  coatings  are  two  component,  reactive  materials.  One 
component  of  the  coating  is  a  polyisocyanate  resin  or  an 
isocyante  terminated  prepolymer  based  on  hexamethylene 
diisocyanate  (HDI).  The  second  component  contains  a 
hydroxylated  polyester.  Upon  mixing,  the  isocyanate  groups 
react  with  the  hydroxyl  groups  of  the  polyester; 

O 

II 

R-NCO  +  R’-OH  ->  R-NH-C-O-R’ 

The  resulting  polymer  is  flexible  yet  extremely  durable  and 
chemical  resistant.  Aliphatic  isocyanates  and  polyesters  are 
used  in  topcoats  because  they  provide  outstanding  weather 
resistance  compared  to  aromatics,  which  degrade  when 
exposed  to  ultraviolet  light.  References  (39^2)  provide  more 
detailed  discussions  about  polyurethane  chemistry. 

When  the  two  components  are  combined  and  the  polyurethane 
reaction  begins,  the  coating  is  ready  for  application  (i.e.  no 
induction  time  is  required).  This  coating  is  normally  spray 
applied  to  a  dry  film  thickness  of  50.8  +  7.6  microns  (2.0  +  0.3 
mils).  The  typical  topcoat  is  set-to-touch  and  dry  hard  (when 
cured  at  room  temperature)  within  2  and  6  hours,  respectively. 
Although  the  painted  surface  can  be  handled  after  6  hours 
without  damage  to  the  coating,  full  performance  properties  are 
normally  not  obtained  until  approximately  7  days. 

The  performance  properties  required  in  current  specifications 
are  listed  in  Table  1.  The  most  critical  requirements  are 
weather  resistance,  chemical  resistance,  and  flexibility. 
Weather  resistance  is  evaluated  by  laboratory  exposure  in  an 
accelerated  weathering  chamber  (43)  for  500  hours.  This 
chamber  is  a  continuous  cycle  of  high  intensity  ultraviolet  light 
(zenon  arc)  and  water  spray.  Although  studies  have  shown 
that  there  is  no  precise  correlation  with  outdoor  exposure  (44- 
46),  the  accelerated  exposure  does  indicate  if  the  coating  is 
susceptible  to  ultraviolet  and/or  water  degradation.  These 
results  are  used  in  conjunction  with  actual  outdoor  exposure 
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for  1  year.  Both  accelerated  and  real-time  weathering 
conditions  cause  only  minimal  changes  in  the  color,  gloss,  and 
flexibility  of  high  performance  aircraft  topcoats. 

Chemical  stability  is  evaluated  by  exposure  of  the  applied 
topcoats  to  various  operational  fluids  such  as  lubricating  oil, 
hydraulic  fluid,  and  jet  fuel  at  elevated  temperatures  and/or 
extended  durations.  Aerospace  topcoats  are  also  subjected  to 
a  dry  heat  of  121°C  (250°F)  for  4  hours.  Suitable  topcoats 
show  no  defects  other  than  slight  discoloration  after  exposure 
to  these  conditions. 

Flexibility  requirements  for  polyurethane  topcoats  include 
impact  and  mandrel  bend  tests.  For  high  gloss  colors,  a  60% 
elongation  of  the  coating  after  impact  at  room  temperature  and 
a  180°  bend  around  a  0.95  cm  (0.375  in)  cylindrical  mandrel 
at  -51°C  (-60°F)  are  required  without  cracking  of  the  film. 
Flexibility  requirements  for  low  gloss  colors  are  less  stringent 
since  it  is  difficult  to  formulate  flexible  low  gloss  coatings  due 
to  high  pigment  concentrations,  which  normally  embrittle  the 
film. 

SELF-PRIMING  TOPCOAT 

The  self-priming  topcoat  (SPT)  is  a  VOC  compliant,  non-lead, 
non-chrome  high-solids  polyurethane  coating  that  was 
designed  to  replace  the  current  primer  and  topcoat  paint 
system  used  on  aircraft  (18).  The  SPT  possesses  the  adhesion 
and  corrosion  inhibition  properties  of  a  primer  as  well  as  the 
durability  and  optical  properties  of  a  topcoat.  See  Table  I  and 
Figure  1  for  a  list  of  typical  properties  and  salt  spray  corrosion 
resistance,  respectively.  The  SPT  effectively  eliminates  the 
need  for  a  primer  and  thus  eliminates  the  application  man¬ 
power,  time,  and  materials.  In  addition,  the  hazardous 
emissions  and  toxic  wastes  that  are  associated  with  current 
aerospace  primers  are  eliminated.  To  this  date,  SPT's  have 
been  successfully  applied  to  over  350  U.S.  Navy  and  Air  Force 
aircraft  during  their  scheduled  depot-level  maintenance 
period. 


SPECIALTY  COATINGS 

In  addition  to  the  current  primers,  topcoats,  and  self-priming 
topcoats  which  are  used  as  the  primary  protective  coating 
system  for  the  bulk  of  the  exterior  surfaces  of  military  aircraft, 
other  specialized  coatings  are  utilized  to  address  specific 
concerns.  This  section  will  review  several  coating  materials 
which  address  these  concerns. 

SEALANTS 

Although  the  current  epoxy  primers  provide  excellent 
adhesion  and  corrosion  inhibition,  they  are  brittle.  This  lack 
of  ductility  may  result  in  cracking  of  the  paint  system  on 
highly  flexed  areas  of  the  aircraft.  In  order  to  improve  the 
overall  flexibility  of  the  epoxy  primer  polyurethane  topcoat 
coating  system,  sealants  are  frequently  incorporated  into 
aircraft  finishing  systems.  These  sprayable  materials  are 
applied  between  the  primer  and  the  topcoat  at  thicknesses  up 
to  203  microns  (8  mils)  and  are  primarily  formulated  from 
polysulfide,  polyurethane,  and  polythioether  binders.  Their 
elastic  nature  minimizes  cracking  of  the  paint  system.  Critical 


requirements  in  these  specifications  are  low-temperature 
flexibility  (mandrel  bend  tests),  chemical  resistance  (fluid 
immersion  at  elevated  temperatures),  and  corrosion  resistance 
(5%  NaCl  salt  spray  tests).  Although  these  sealants  provide 
corrosion  protection  by  the  formation  of  a  relatively 
impermeable  barrier,  some  sealants  also  contain  strontium 
chromate  for  chemical  corrosion  inhibition.  An  in  depth 
discussion  of  the  specific  chemistry  and  application  properties 
of  sealants  is  beyond  the  scope  of  this  paper  and  will  not  be 
addressed  here.  However,  a  detailed  discussion  of  this 
technology  is  provide  in  references  (47,48). 

RAIN  EROSION  COATINGS 

In  addition  to  their  harsh  environment,  aircraft  must  also 
endure  seemingly  harmless  natural  conditions  that  can 
deteriorate  the  performance  of  coatings  and  their  underlying 
structures.  One  example  of  this  phenomenon  occurs  when 
airborne  debris,  such  as  sand  or  rain  droplets,  impact  aircraft 
leading  edges  and  radomes  during  flight.  The  force  of  impact 
from  these  particles  can  erode  the  coating  system  and 
adversely  affect  the  underlying  substrate.  The  current  primer 
and  topcoat,  and  SPT  paint  systems  do  not  provide  adequate 
protection  against  this  condition.  Even  when  applied  at  two  to 
three  times  its  normal  thickness,  the  coating  system  erodes 
prematurely. 

The  rain  erosion  resistant  coating  used  on  U.S.  Navy  aircraft  is 
a  two  component  polyurethane  material.  One  component 
consists  of  a  pigmented  high  molecular  weight  polyether  type 
polyurethane.  The  other  component  contains  a  clear  ketimine 
(blocked  diamine)  resin  that  acts  as  both  a  crosslinking  agent 
and  a  chain  extender.  When  combined,  the  two  components 
fonn  an  elastomeric  coating  which  can  absorb  and  dissipate 
the  energy  of  impacting  rain  droplets,  thus  preventing  failure. 
Flexibility  is  characterized  by  a  0.635  cm  (0.25  in)  mandrel 
bend  at  -51°C  (-60°F)  and  tensile  elongation  of  450  %, 
whereas  the  standard  topcoat  only  requires  a  0.95  cm  (0.375") 
or  1.27  cm  (0.5")  mandrel  and  elongation  of  20  or  60  %. 
However,  in  order  to  exhibit  this  high  elasticity,  the  polymer 
crosslink  density  is  decreased  causing  reduced  chemical 
resistance  and  weathering  properties.  In  order  to  improve  the 
finishing  system  durability,  these  materials  are  normally 
overcoated  with  the  standard  topcoat. 

Although  elastomeric  coatings  offer  increased  resistance  to 
rain  erosion,  the  optimum  protection  for  Navy  aircraft  is 
provided  by  elastomeric  tapes.  These  materials  can  be  clear  or 
pigmented,  polyurethane  based  films  and  are  supplied  with  or 
without  an  adhesive  backing.  Unlike  coatings,  these  tapes  are 
bonded  to  the  surface  and  do  not  require  a  drying  time.  Early 
versions  of  these  materials  were  clear  aromatic  type 
polyurethanes.  Although  durable,  these  aromatic  materials 
had  poor  weatherability.  The  latest  versions  of  these 
materials,  however,  are  aliphatic.  These  new  materials  are 
extremely  durable  and  have  excellent  weatherability. 

HIGH  TEMPERATURE  RESISTANT  COATING 

Various  areas  of  U.S.  Navy  aircraft  are  routinely  subjected  to 
elevated  temperatures  during  operation.  The  standard  paint 
system  was  only  designed  to  resist  thennal  exposures  up  to 
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176°C  (350°F)  for  short  durations.  Therefore,  two  types  of 
materials  are  employed  for  application  in  these  areas:  ceramic 
coatings  and  high  temperature  resistant  silicone  based 
coatings.  Since  ceramic  coatings  are  beyond  the  scope  of  this 
review,  they  will  not  be  discussed.  Typical  high  temperature 
silicone  based  coatings  use  aluminum  pigment  and  are 
designed  to  withstand  temperatures  up  to  650°C  (1200°F).  It 
can  be  applied  by  conventional  air  spray  and  is  cured  by 
heating  to  204°C  (400°F)  for  1  hour  or  upon  elevated 
temperature  exposure  imder  component  operation.  During  the 
curing  period,  the  binder  system  for  this  coating  will  oxidize, 
leaving  a  barrier  layer  of  silicone  oxide/almninum  to  protect 
the  underlying  substrate  from  adverse  conditions.  Although 
this  material  provides  adequate  barrier  protection  in  the  high 
temperature  range,  the  performance  diminishes  dramatically  in 
the  mid-temperature  range  (260  to  370°C,  500  to  700°F)  or 
when  damaged. 

FUEL  TANK  COATINGS 

Certain  internal  areas  of  aircraft  are  exposed  to  selective 
environments  which  pose  imique  problems.  One  example  is 
fuel  tanks.  Aviation  fuels  contain  additives  which  may  be 
corrosive.  If  left  unprotected,  fuel  tanks  would  corrode  and 
leak.  In  order  to  protect  these  areas,  epoxy  or  polyurethane 
fuel  tank  coatings  are  used.  These  highly  cross-linked, 
chemically  resistant  coatings  are  two  component  materials 
designed  for  application  to  non-ferrous  surfaces.  The  fluid 
resistance  requirements  for  this  material  are  significantly  more 
severe  than  those  of  the  standard  primer  and  topcoat.  The 
conventional  topcoat  must  withstand  24  hour  immersion  on 
unscribed  panels  without  degradation,  whereas  the  fuel  tank 
coating  specification  requires  14  days  immersion  of  specimens 
with  scribes  through  the  coating.  This  high  degree  of  chemical 
resistance  is  necessary  because  the  coating  is  not  only 
subjected  to  the  various  chemicals  contained  in  aviation  fuels, 
but  it  is  also  exposed  to  aircraft  operational  chemicals,  salt 
water  and  dilute  acidic  solutions  (49). 


COMPLIANT  COATINGS  ISSUES 

ENVIRONMENTAL  REGULATIONS  AND  HAZARDOUS 
MATERIALS 

As  the  environmental  consciousness  of  the  world  continues  to 
increase,  more  efforts  are  being  devoted  to  finding  safe, 
compliant  solutions  to  past,  current,  and  future  environmental 
problems.  One  major  factor  affecting  the  United  States  in 
recent  years,  has  been  the  Clean  Air  Act  Amendment  (CAAA) 
of  1990.  This  law  significantly  effects  the  type  of  materials 
and  processes  which  will  be  approved  for  use  in  the  future.  In 
response  to  this  situation,  the  U.S.  aerospace  industry  has 
expanded  its  efforts  to  reduce  the  amounts  of  hazardous 
materials  generated  from  the  cleaning,  pretreating,  plating, 
painting  and  paint  removal  processes  used  in  both  production 
and  maintenance  operations.  The  materials  associated  with 
these  processes  have  been  identified  as  major  sources  of 
hazardous  waste  by  the  U.S.  Environmental  Protection  Agency 
(50).  Specifically,  numerous  research  and  development  efforts 
have  been  established  to  address  the  environmental  concerns 


with  organic  coatings.  These  environmental  efforts  can  be 
described  by  two  main  thrusts:  the  development  of  low  volatile 
organic  compound  (VOC)  coatings,  and  the  development  of 
non-toxic  inhibited  coatings.  The  efforts  in  low  VOC  are 
aimed  at  reducing  the  volatile  organic  compound  content  of 
aircraft  coatings  to  meet  environmental  regulations,  especially 
the  State  of  California's  Air  Quality  Management  Districts 
(AQMD)  rules  and  the  CAAA  Control  Techniques  Guideline 
(CTG)  for  the  aerospace  industry  (one  of  174  source 
categories).  The  development  of  non-toxic  inhibited  coatings 
is  concerned  with  eliminating  toxic  heavy  metal  pigments, 
such  as  lead,  chromates  and  cadmium  used  in  protective 
primers  and  topcoats. 

Low  VOC  versions  of  the  standard  military  aircraft  primers 
and  topcoats  have  already  been  developed  to  comply  with  the 
CAAA  Aerospace  CTG.  These  materials  are  based  on  water¬ 
borne,  high  solids  and  exempt  solvents  technology. 

WATER-BORNE  TECHNOLOGY 

Water  has  long  been  used  as  a  carrier  for  organic  coatings. 

The  polymers  for  these  coatings  are  usually  modified  with 
hydrophilic  groups  and  dispersed  in  water  to  form  either 
solutions  or  emulsions.  Most  latex  paints  are  based  on 
thermoplastic  resins  which  are  suspended  in  water  to  form 
spherical  particles.  These  particles,  whether  pigmented  or 
neat,  are  usually  covered  with  a  thin  layer  of  emulsifier  to 
maintain  a  stable  dispersion.  When  applied  to  a  surface,  these 
spheres  coalesce  into  a  continuous  film  as  the  water  of  the 
emulsion  coating  evaporates.  This  film  formation  mechanism 
tends  to  lead  to  longer  drying  times  in  high  humidity 
environments.  Other  effects  of  using  water  as  the  diluent 
include:  smoother  surface  finishes  due  to  greater  flow  times, 
less  overspray  when  using  air  application  equipment  (due  to 
the  higher  density  of  water),  and  easier  clean  up  (usually 
accomplished  with  soap  and  water).  Unfortimately,  these 
coatings  have  some  disadvantages.  For  example,  they  are 
more  sensitive  to  surface  contamination,  like  oils  and  greases. 
Also,  these  films  tend  to  be  porous  and  their  high  affinity  for 
water  can  lead  to  poor  resistance  in  moisture  environments 
resulting  in  coating  blistering  when  wet,  or  exposed  to  high 
humidity  conditions. 

Most  polymers  used  in  high  performance  coatings  are  not 
readily  soluble  in  water.  For  this  reason,  co-solvents  are  used 
to  stabilize  the  dispersions  and  improve  particle  coalescence 
and  film  formation.  One  of  the  first  high  performance  water¬ 
borne  coatings  was  an  epoxy/polyamide  aircraft  primer.  The 
epoxy  liquid  resin  usually  contains  some  aliphatic  epoxy 
monomer,  which  lowers  the  viscosity  and  aids  in  the 
coalescence  of  the  two  primary  resins.  The  polyamide  part 
usually  contains  some  additives,  such  as  high-boiling  aromatic 
and  water  miscible  co-solvents,  that  assist  in  the  formation  of 
the  final  film. 

Polyurethane  coatings  are  another  area  where  high 
performance  water-borne  coating's  have  been  investigated. 
One-component  polyurethane  dispersions  have  been  in 
existence  for  some  time  and  generally  consist  of  fully  reacted 
polyurethane  resins  which  are  predominately  thermoplastic. 
Since  urethanes  are  not  readily  compatible  with  water,  these 
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systems  are  modified  ionically  and  non-ionically  with 
hydrophilic  groups  to  aid  in  the  stability  of  the  dispersions. 
After  application,  these  films  form  by  the  coalescence  of  the 
long  chain  urethanes.  Although  some  work  has  been 
performed  to  investigate  ways  of  crosslinking  these  systems, 
they  tend  to  have  lower  crosslink  densities  and  are  not  as 
chemically  resistant  as  their  solvent-borne  counterparts. 

Recently,  resin  manufacturers  have  shown  signs  of  success  in 
working  with  two  component  water  based  polyurethane  resins 
for  high  performance  coatings.  One  example  of  this  type  of 
material  is  based  on  an  aliphatic  polyol  prepolymer  and  a 
polyisocyanate.  The  polyols  are  prereacted  with  a  di¬ 
isocyanate  and  emulsifying  agents  to  form  a  linear  hydroxy- 
terminated  prepolymer.  The  hydroxy-functional  groups  aid  in 
the  stabilization  of  the  polyurethane  dispersion.  In  addition,  a 
water  dispersible  polyisocyanate  has  been  synthesized  which 
has  a  preferential  affinity  for  the  polyol  over  the  water 
competitor.  The  two  components  are  mixed  with  an  excess  of 
isocyanate  to  form  the  final  high  performance  polyurethane 
product.  Other  variations  on  water  based  urethane  chemistry 
are  being  investigated  by  the  U.S.  commercial  resin  industry, 
and  coating’s  manufacturers  have  begun  to  formulate  finished 
products  from  this  technology. 

fflGH  SOLIDS  TECHNOLOGY 

Another  method  to  attaining  a  lower  VOC  coating  is  through 
the  use  of  high  solids  technology.  Several  paths  to  increase 
coating  solids  are  possible.  The  first  and  most  obvious 
reduction  comes  from  simply  lowering  the  solvent 
concentration.  While  this  approach  reduces  the  VOC  content, 
it  shortens  the  pot  life  and  significantly  increases  the  resin 
viscosity  when  traditional  raw  materials  are  used.  Also,  the 
surface  finish  tends  to  be  rougher  from  decreased  flow 
characteristics.  Using  low  molecular  weight  resins  can 
produce  a  high  solids  coating  with  lower  viscosity  and  better 
flow  properties.  However,  these  materials  tend  to  have  shorter 
workable  pot  lives  and  lower  flexibility  when  cured  with 
traditional  polyisocyanates.  This  lower  flexibility  is  related  to 
the  increase  in  crosslink  density  resulting  from  the  smaller 
backbone  structures  between  functional  groups.  Using  narrow 
molecular  weight  distribution  isocyanate  terminated 
prepolymers  as  the  isocyanate  source  produces  low  VOC 
coatings  with  good  performance  and  processing  characteristics. 
These  prepolymers  yield  coatings  with  lower  viscosity,  shorter 
drying  time,  and  longer  pot  life. 

A  third  approach  is  to  use  blocked  polymers  which  yield  a 
longer  pot  life,  but  they  tend  to  be  less  mobile  with  slower 
reaction  rates.  Their  decreased  reactivity  leads  to  long  drying 
times,  which  is  not  desirable.  Finally,  high-boiling  solvents 
can  be  used  to  replace  convention  solvents.  By  incorporating 
these  materials,  the  applied  films  retain  the  solvent  longer 
giving  smoother  surface  finishes.  However,  this  solvent 
retention  leads  to  longer  drying  times  and  can  allow  the 
coating  to  continue  to  flow.  This  characteristic  has  produced  a 
new  phenomenon  where  sharp  edges  can  be  exposed  with 
time.  Finally,  solvent  retention  can  result  in  eventual  porosity 
in  the  film,  decreasing  chemical  resistance  properties. 


In  summary,  each  individual  approach  has  identified 
deficiencies  which  present  a  challenging  problem  to  resin 
companies.  However,  a  combination  of  these  technologies 
appears  to  have  the  greatest  potential  for  success  and  is  being 
pursued  by  numerous  U.S.  manufacturers.  Several  aerospace 
coating  specifications  have  been  developed  based  on  this 
technology. 

EXEMPT  SOLVENT  TECHNOLOGY 

A  final  alternative  to  high  VOC  coatings  can  be  attained  by 
the  use  of  non-photochemically  reactive  solvents  such  as  1,1,1 - 
trichloroethane  (TCA)  and  methylene  chloride.  Since  these 
solvents  don’t  contribute  to  the  formation  of  smog,  many  U.S. 
federal  and  state  environmental  agencies  have  exempted  them 
from  VOC  regulations.  At  first,  this  was  the  most  popular  and 
easiest  approach  to  solving  the  VOC  problem,  since  only 
minor  formulation  modifications  were  necessary  for 
incorporating  TCA  and  the  coatings  had  virtually  the  same 
application  and  drying  properties.  These  changes  were  readily 
implemented  by  the  U.S.  aerospace  industry.  However,  there 
were  limitations  on  the  use  of  TCA.  TCA  is  reactive  with 
aluminum  and  can  not  be  applied  with  spray  equipment 
containing  any  aluminum  parts.  Also,  retained  chloride  ions 
in  the  film  could  cause  stress  corrosion  cracking  in  high 
strength  structural  alloys  under  high  temperature  conditions. 
More  recently,  chlorinated  solvents  have  come  under  attack 
due  to  their  ozone  depleting  potential,  which  further 
complicates  the  use  of  these  solvents.  This  approach  best 
served  as  an  interim  solution  to  the  VOC  problem,  while  resin 
manufacturers  developed  the  necessary  technology  to  solve  the 
long  term  problem. 

LOW  VOC  TECHNOLOGY  STATUS 

Numerous  military  and  commercial  specifications  have  been 
written  to  cover  materials  based  on  these  technologies. 
However,  in  light  of  the  proposed  CTG  and  the  ozone 
depleting  substances  problem,  these  material  specifications 
are  currently  being  modified  to  eliminate  the  type  allowing 
exempt  solvents  and  all  other  non-compliant  versions.  This 
will  authorize  only  low  VOC  materials  for  use.  High 
performance  VOC  compliant  primers,  topcoats,  and  self¬ 
priming  topcoats  are  required  to  have  a  maximum  VOC 
content  of  340, 420,  and  420  g/1. 

NON-TOXIC  INHIBITIVE  PRIMER 

Chromates  have  been  the  workhorse  corrosion  inhibitor  for 
commercial  and  military  aerospace  primers.  Unfortunately, 
these  toxic  heavy  metal  chromate  pigments  are  being  regulated 
by  the  EPA.  Therefore,  non-toxic  alternatives  have  begun  to 
be  developed  and  many  Government  and  industry  efforts  are 
involved  in  the  development  of  non-toxic  inhibited,  low  VOC 
aircraft  coatings.  Current  available  primers  are  based  on  2- 
component  high  solids  or  water-borne  epoxy  systems  and 
corrosion  inhibitors  such  as  molybdates,  nitrites,  borates, 
silicates,  and/or  phosphates  as  well  as  a  variety  of  metal  cation 
systems.  These  primers  have  shown  promise  in  general 
corrosion  resistance  and  adhesion  tests.  To-date,  however,  all 
of  these  primer  have  had  problems  providing  adequate  filiform 
corrosion  resistance.  In  addition,  many  of  these  experimental 
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coatings  have  exhibited  flexibility,  strippability,  viscosity  and 
storage  stability  deficiencies.  Further  investigation  of  these 
materials  is  being  conducted  to  alleviate  these  problems. 
Finally,  a  better  understanding  of  the  corrosion  inhibiting 
mechanisms  associated  with  these  non-toxic  inhibitors,  both 
individually  and  as  multiple  inhibitor  systems,  needs  to  be 
attained  to  formulate  corrosion  preventive  primers  more 
effectively  and  efficiently. 

PAINT  APPLICATION  EQUIPMENT 

As  part  of  the  CAAA  Aerospace  CTG,  conventional  air  spray 
application  equipment  will  no  longer  be  authorized  for 
applying  paints.  Conventional  air  spray  equipment  has  a 
transfer  efficiency  of  approximately  28%.  The  types  of  paint 
application  equipment  authorized  for  these  materials  will  be 
similar  to  those  specified  by  the  State  of  California’s  AQMD 
Regulations  which  require  minimum  transfer  efficiencies  of 
60%  to  85%  and  maximum  gun  tip  air  pressures  of  10  psi.  A 
number  of  alternative  technologies  have  been  proposed  to 
meet  this  requirement.  The  only  two  spray  application 
techniques  authorized  will  be  electrostatic  and  high-volume 
low-pressure  (HVLP)  spray  guns.  Both  of  these  techniques 
have  improved  transfer  efficiencies  over  conventional  air 
spray.  Roller,  brush,  dip  and  other  non-spray  methods  are  also 
acceptable.  Each  of  these  techniques  has  its  own  unique 
capabilities  and  limitations.  Some  methods  can  be  used  in 
combination  (i.e.  plural  component,  air-assisted  airless  with 
electrostatic)  to  yield  even  higher  efficiencies. 

The  method  of  cleaning  spray  equipment  is  also  being 
regulated  imder  the  CTG.  The  old  solvent  wash  method, 
which  generated  large  quantities  of  hazardous  waste  and  was 
time  consuming,  is  being  prohibited.  Some  type  of  enclosed 
cleaning  method,  which  captures  the  majority  of  the  cleaning 
solvent,  has  to  be  used.  Paint  gun  washers  that  meet  this 
requirement  has  been  identified.  In  addition  to  drastically 
reducing  the  solvent  emissions,  these  enclosed  cleaning 
operations  take  approximately  one  fourth  of  the  working  time 
as  compared  to  the  old  method. 


FUTURE  TRENDS  IN  AEROSPACE  COATINGS 

Research  and  development  of  organic  coatings  for  aerospace 
applications  is  a  continuous,  dynamic  process  which  is  caused 

by: 

(i)  implementation  of  stringent  legislation  on  and  regulation 
of  material  usage,  emissions,  and  disposal, 

(ii)  advances  in  raw  material  chemistry,  along  with  desires 
to  improve  coating  performance  and  address  environmental 
regulations,  and 

(iii)  changes  in  aircraft  design,  materials,  and  performance. 

Although  irmovative  technologies  such  as  corrosion  sensor, 
pressure  sensitive,  and  preferentially  strippable  coatings  are 
beneficial  to  the  industry,  it  appears  that  the  biggest  driver  in 
coatings  research  and  development  is  the  continuous 
implementation  of  more  stringent  environmental  regulations 
which  limit  the  types  and  amounts  of  materials  used  in 
coatings  formulation  and  application  processes.  These  mainly 
affect  volatile  organic  compounds  and  heavy  metals,  although 


other  types  of  chemicals  are  also  under  scrutiny.  These 
regulations  are  causing  dramatic  changes  in  how  coatings  are 
formulated  as  well  as  the  raw  material  from  which  they  are 
derived.  It  is  expected  that  research  and  development  of  low 
VOC  polymer  systems  (i.e.,  high  solids,  waterborne,  powder 
coatings,  etc.)  and  non-heavy  metal  compounds  will  continue 
well  into  the  next  century  and  the  advances  from  these 
fundamental  efforts  will  be  translated  to  changes  in  coatings 
technology.  In  addition,  the  approach  to  improve  aircraft 
finishing  system  performance  will  be  attained  through 
investigation  and  utilization  of  high  performance  polymers, 
pigments,  and  additives. 
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TABLE  1:  PERFORMANCE  CHARACTERISTICS  OF  AIRCRAFT  COATINGS 


PROPERTY 

PRIMER 

TOPCOAT 

SELF-PRIMING 

TOPCOAT 

GLOSS  (60°) 

High  Gloss  Color 

90  minimum 

90  minimum 

Low  Gloss  Color 

6  maximum 

6  maximum 

WET  TAPE  ADHESION 

No  removal 

No  removal 

No  removal 

1  day  (230C) 

1  day  (230C) 

7  day  (49°C) 

FLEXIBILITY 

GE  Impact 

High  Gloss  Color 

60  % 

40% 

Low  Gloss  Color 

10% 

20% 

20% 

Mandrel  Bend  (-5 1°C) 

High  Gloss  Color 

0.95  cm 

0.64  cm 

Low  Gloss  Color 

1 .27  cm 

0.64  cm 

HUMIDrrY  RESISTANCE 

30  day 

30  day 

(95%  RH  &  49°C) 

FLUID  RESISTANCE 

Lubricating  Oil 

1  day(121°C) 

1  day(121°C) 

1  day(12l0C) 

Hydraulic  Fluid 

1  day  ( 650C) 

1  day  ( 650C) 

1  day  ( 65°C) 

Distilled  Water 

4  day  (49°C) 

4  day  (490C) 

7  day  (65  °C) 

CORROSION  RESISTANCE 

5%NaCl  Salt  Fog 

2000  hr 

2000  hr 

2000  hr 

S02/Salt  Fog 

500  hr 

Filiform 

1000  hr 

1000  hr 

1000  hr 

WEATHER  RESISTANCE 

Accelerated  (ASTM  G  26) 

— 

500  hr 

500  hr 

Outdoor  Florida  Exposure 

1  year 

1  year 

Fiaurel  2000  HOURS  5%  SALT  SPRAY 
®  CHROMATE  CONVERSION  COATING 
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Problems  of  Predicting  Material  Property  Retention  During  Long  Term  Service 


Yu.P.Gordeev  and  A.M.  Khomutov 
KOMPOZIT  Corp. 

4,  ulitsa  Pionerskaya 

141070  Kaliningrad,  Moscow  Region,  Russia 


SUMMARY. 

A  procedure  of  materials-science  studies 
accompanying  the  process  of  product  development, 
manufacture  and  service  is  offered.  It  provides  correct 
selection  of  materials,  trustworthy  prediction  of  their 
behavior,  high  reliability  of  their  operation  in  products 
of  space-rocket  application.  Reliable  prediction  of 
material  behavior  during  long-term  service  is  achieved 
by  breaking  up  the  complex  effect  of  the  environment 
into  individual  factors  and  by  analyzing  the  effect  of 
each  factor  on  the  properties  of  the  material. 

INTRODUCTION 

Application  of  materials  in  space-rocket  products  is 
accompanied  by  a  number  of  specific  features,  which 
makes  them  significantly  different  from  other  products 
of  machine  building  including  the  aircraft  industry. 

First  and  foremost,  these  features  include: 

-  particularly  low  safety  factors; 

-  a  very  wide  range  of  operating  temperatures,  a  wide 
range  of  cyclic,  vibratory  and  other  force  loads; 

-  rather  long  ground-service  lives  in  various  climatic 
zones  or  operation  under  space  conditions; 

-  predominant  application  of  high-strength  materials; 

-  wide  application  of  the  welding  and  soldering 
processes  in  the  assembling  operations. 

It  is  for  this  reason  that  the  following  steps  are  of 
particular  importance  to  predict  the  serviceability  of 
materials  and  to  provide  their  high  reliability  in  pro¬ 
ducts: 

firstly,  preliminary  comprehensive  studies  of  their 
properties  in  the  operating  range  of  service  factors; 

secondly,  preliminary  determination  or  trustworthy 
prediction  of  the  time  dependencies  of  their  properties 
under  the  action  of  service  factors; 

thirdly,  preliminary  testing  of  these  materials  under 
conditions  as  close  to  the  service  ones  as  possible; 

fourthly,  maximum  possible  ground  bench  testing  of 
the  materials  in  individual  units  of  products  during  R 
&  D  works. 


l.MAIN  PRINCIPLES  OF  MATERIAL 
ASSIGNMENT  AND  APPLICATION. 

All  the  above  conditions  we  are  to  meet  to  provide  high 
reliability  of  materials  were  allowed  for  when  the  pro¬ 
cedure  of  material  assignment  and  application  used  in 
the  Russian  space-rocket  industry  was  developed. 
This  procedure  was  legalized  with  a  few  standards  and 
other  standard  technical  documents.  The  procedure 
requires  that  the  development  of  any  product  should 
be  accompanied  by  materials-science  studies.  It  does 
not  allow  unauthorized  application  of  any 
insufficiently  studied  and  tested  material,  on  the  one 
hand,  and  allows  application  of  new  and  advanced 
materials  which  are  well  studied,  on  the  other  hand. 

Fig.  1  shows  this  procedure  in  the  form  of  a  diagram. 

The  main  stages  of  product  development  and 
manufacture  characteristic  of  machine-building 
products  of  any  kind  are  shown  in  the  upper  part  of  the 
diagram.  They  include  the  following  basic  stages: 
conceptual  design,  R  &  D  to  provide  operational 
development  of  individual  units  and  the  product  as  a 
whole  completed  by  issuing  a  detail  design,  then 
preparation  and  establishing  of  full-scale  production 
and  the  stage  of  product  operation  including  ground 
and  flight  operation  follow. 

The  stages  of  the  development  of  new  materials  or 
operational  development  of  previously  developed 
material  sto  use  them  in  our  products  are  shown  in  the 
lower  part  of  Fig.  1. 

Stages  2  and  3  include  comprehensive  tests  of  the 
materials,  evaluation  of  their  properties  in  a  wide  range 
of  temperature,  force,  speed  and  other  possible  service 
loadings.  These  stages  are  completed  by  issuing 
material  certificates:  Stage  2  -  a  first-wording  cer¬ 
tificate,  Stage  3  -  a  second-wording  certificate. 

Application  of  materials  without  certificates  is  not  per¬ 
mitted. 

Stages  4  and  5  include  carrying  out  accelerated  and 
full-scale  environmental  tests  of  the  materials  and 
individual  units  under  concrete  environmental 
conditions  characteristic  of  a  given  product  and 
assigned  by  the  specifications  of  the  product. 


Paper  presented  at  the  79th  Meeting  of  the  AGARD  Structures  and  Materials  Panel  on  “Corrosion  Detection  and 
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From  the  test  results  obtained  the  guaranty  period  is 
predictedfor  this  material  application  in  the  given 
product  under  the  conditions  specified. 

These  periods  are  predictable  and  the  reliability  of  the 
product  as  a  whole  depends  on  the  trustworthiness  of 
the  prediction. 

Analysis  of  standard  technical  documentation  from  the 
point  of  view  of  material-application  correctness  oc¬ 
cupies  a  highly  important  place  in  the  procedure  at 
several  stages  of  designing. 

Another  line  of  the  materials-science  studies  accom¬ 
panying  this  work  is  also  of  great  importance.  This  is 
experts’  examination  of  the  causes  of  premature  failu¬ 
res  of  the  units  and  parts  of  products  at  various  stages 
of  R  &  D,  ground  and  flight  tests.  This  is  usually 
referred  to  as  "non-standard"  operation  of  the  unit  or 
product.  Such  cases  always  take  place  but  their  number 
sharply  decreases  as  the  product  is  operationally 
developed. 

In  accordance  with  the  results  of  experts’  examina¬ 
tions  a  decision  is  made  to  change  the  technology,  to 
change  the  design,  to  improve  the  technology  and  ma¬ 
terial-quality  control  system,  and,  very  seldom,  to  rep¬ 
lace  the  material. 


2.PRINCIPLES  AND  PROBLEMS  OF  PROPERTY- 
RETENTION  PREDICTION  FOR  POLYMER- 
BASED  MATERIALS 

As  illustrated  in  Fig.  1,  one  of  a  great  number  of 
problems  of  material-serviceability  prediction  is  to 
predict  permissible  periods  of  material  operation  in  a 
product,  i.e.,  the  problem  of  material-property  reten¬ 
tion  in  the  process  of  long-term  operation. 

Solving  the  prediction  problem  is  complicated  by  a 
number  of  factors:  the  variety  and  complexity  of  ma¬ 
terials,  multifactor  conditions  of  their  application  in 
products,  specific  effect  of  these  factors  on  different 
materials,  the  necessity  of  solving  the  problem  for 
rather  short  periods  of  time,  etc. 

The  problem  of  substantiated  prediction  consists  in 
obtaining  reliable  information  about  the  processes  that 
occur  in  the  material  under  the  conditions  prescribed 
and  about  the  state  of  the  material  with  respect  to  its 
physical-and-chemical  properties  and  technical  char¬ 
acteristics  after  the  prescribed  time  of  exposure 
(storage)  or  operation  has  passed,  i.e.,  in  determining 
the  time  dependences  of  its  known  initial  properties 
after  storage  and  operation  under  certain  conditions. 

There  exit  two  idealized  ways  of  predicting  the  periods 
of  material-property  retention: 


Over  a  long  period  of  lime  the  procedure  of  materials- 
science  studies  accompanying  the  process  of  product 
development,  manufacture  and  operation  has  been 
providing  correct  selection  and  reliable  prediction  of 
material  serviceability  and,  as  a  result,  high  reliability 
of  materials  being  developed  for  and  used  in  products 
of  space-rocket  applications. 


-  investigation  of  the  properties  of  the  material  as  a 
function  of  time  by  simulating  its  exposure  (storage) 
and  service  conditions; 

-  detail  study  of  the  mechanisms  of  the  processes 
occurring  in  the  polymer  composition,  their  physical 
nature  and  quantitative  characteristics. 
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Fig, 2,  Procedure  of  testing  materials  to  predict 
their  appiication  in  products 


In  the  former  case  the  periods  of  material-property 
retention  on  exposure  to  a  certain  s^^t  of  factors  can  be 
determined.  However,  it  is  practically  impossible  to 
simulate  all  the  product  exposure  and  service 
conditions  in  a  laboratory  because  of  their  variety  and 
variability. 

In  the  latter  case  it  could  be  possible  to  obtain  the 
material-ageing  function  for  any  conditions  by 
determining  the  mechanisms  of  the  processes  and  by 
calculating  all  the  parameters  required.  However,  with 
this  approach,  often  theoretical,  used,  the  ageing 
function  would  become  extremely  complicated, 
including  a  great  number  of  parameters  that  require 
special  and  complicated  studies  for  each  material.  This 
way  is  feasible  neither  from  scientific  nor  from 
practical  positions  under  real  conditions  of  product 
development  and  manufacture,  especially  when 
materials  of  complex  compositions  are  used. 


In  practice,  to  solve  the  prediction  problem,  we 
combine  both  the  ways,  a  great  body  of  data  on  pre¬ 
viously  conducted  tests  and  studies  of  the  material 
being  widely  used. 

A  list  of  tests  that  can  be  used  to  predict  permissible 
periods  of  material  operation  in  products  is  given  in 
Fig.  2. 

As  is  evident  from  Fig.  2,  the  number  of  tests  we  have 
to  conduct  before  issuing  recommendation  on  material 
application  is  reasonably  great. 

The  most  objective  data  on  the  kinetics  of  possible 
changes  in  the  material  characteristics  with  time  are 
obtained  during  accelerated  tests  of  the  given  material. 

The  following  problems  are  solved  using  accelerated 
tests: 

-  possible  changes  in  the  characteristics  of  the 
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materials  during  prescribed  product  exposure  or 
service  periods  under  assigned  conditions  are 
determined; 

-  the  periods  during  which  the  material  characteristics 
being  tested  decrease  down  to  the  le'-'el  specified  are 
determined; 

-  the  characteristics  of  the  material  which  are  most 
sensitive  to  the  effect  of  various  factors  and  the  factors 
that  produce  the  strongest  effect  on  the  characteristics 
of  the  material  are  determined; 

-  recommendations  related  to  material-composition 
and  production-technology  corrections  are  issued  for 
industrial  engineers. 

In  general  terms,  real  prediction  represents  an 
extrapolation  from  the  results  of  preliminary  tests 
conducted  using  higher-value  factors  acting  for  shorter 
periods  of  time  to  milder  service  conditions  acting  for 
longer  time. 

The  general  scheme  of  accelerated  tests  provides  for 
the  following  stages  depending  on  the  conditions 
prescribed: 

-heat  ageing; 

-  thermal-oxidative  ageing; 

-  moisture-resistance  tests; 

-  negative-temperature  tests; 

-  thermal-cycling  tests. 

Thermal  and  thermal-oxidative  ageing  suggests  that 
the  changes  occurring  in  the  properties  of  materials 
during  their  exposure  to  or  operation  under  the 
conditions  of  slightly  changing  positive  temperatures 
should  be  predicted.  For  these  conditions  we  use  a 
semi-empirical  prediction  method  including  both  some 


a) 


elements  of  physical-and-chemical  studies  of  the 
processes  occurring  in  the  material  and  experimental 
evaluation  of  the  properties  of  the  material 
(mechanical,  electric,  thermal  ones)  when  exposed  to 
higher  temperatures  as  compared  with  the  real  ones. 

However,  it  should  be  taken  into  account  that 
acceleration  of  tests  (an  increase  in  the  test 
temperature)  can  change  the  character  of  physical  and 
physical-and-chemical  processes  in  the  material. 

Fig.  3  give  the  data  on  the  effect  of  temperatures  of 
various  levels  on  the  behavior  of  materials  of  two 
compositions:  phenol-rubber  composition-based  and 
chlorosulfonated  polyethylene-based  materials.  As  is 
evident  from  the  pictures,  an  increase  in  temperature 
results  in  a  considerable  increase  in  the  intensity  of  the 
processes  in  the  material,  which  leads  to  the  necessity 
of  limiting  the  level  of  the  accelerated-test  temperature 
not  to  make  a  mistake  while  predicting  the  properties 
of  the  material  under  real  exposure  and  service 
conditions. 

To  evaluate  the  permissible  level  of  temperature 
increase,  preliminary  investigations  of  the  material  are 
conducted  using  physical-and-chemical  methods: 
differential  thermal,  thermogravimetric, 
thermomechanical,  spectroscopic  analyses,  etc.  From 
the  results  of  these  studies  the  temperature  of 
material-destruction  onset,  the  temperatures  of  phase 
transitions  (glassy,  elastic  state),  the  functional-group 
relation  in  the  structure  of  the  material  are  determined 
and  the  temperature  of  further  thermal-ageing  tests  is 
specified. 


Relative  elongation, % 


b) 


Fig.  3 

Changes  in  the  characteristics  of  the  materials  during  ageing, 
a)  phenol-rubber -based  material; 
b)chlorosuIfonated  polyethylene-  based  material. 
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Table  1 


Electric  resistance  of  current-conducting  materials  and  its  recoverability  as  a  function  of  the 

temperature-humidity  conditions. 


ELECTRIC  RESISTANCE 

Testing  conditions, 
temperature/humidity,% 

After  additional  holding  under  the  following  conditions; 

After  testing 

temperature  of  293  K,  humi¬ 
dity  of  40%,  holding  time  of 
2160  hours 

temperature  of  293  K, 
holding  time  of  1440  hours. 

293  K  /  98 

+11 

+6 

+5 

313  K  /  98 

+44 

+32 

+22 

333  K  /  98 

+79 

+63 

+62 

The  time  of  testing  is  calculated  based  on  the  ageing  service.  Acceleration  of  the  moisture  effect  is  achieved 

model  which  suggests  that  the  processes  running  by  increasing  the  moisture  content  within  the 

during  accelerated  tests  are  equivalent  to  those  under  chamber, 

real  exposure  and  service  conditions  of  the  products. 

The  problem  of  moisture-effect  evaluation  can  also  be 
Assignment  of  the  moisture-content  level  during  solved  using  pre-determined  diffusion  coefficients, 

accelerated  tests  seems  to  be  a  most  complicated  prob-  With  this,  it  should  be  mentioned  that  for  materials  of 

lem.  This  is  conditioned  by  many  factors,  the  structure  complex  compositions  and  structures  this  charac- 

and  chemical  nature  of  the  material  (hydrophilic  or  teristic  of  the  material  is  somewhat  conventional  and 

hydrophobic  materials,  the  character  of  pores  in  the  determines  some  integral  process  of  moisture 

material,  etc.),  the  character  of  moisture  interaction  diffusion, 

with  the  structural  elements  of  the  material  (chemical 

or  physical  interaction),  the  character  of  moisture  When  negative  temperatures  are  selected  and  the 

sorption  of  the  material,  the  value  of  the  moisture-  conditions  of  thermal  cycling  are  assigned,  we  are 

content  parameter  itself,  the  temperature  level  and  guided  either  by  concrete  requirements  specified  by 

other  factors.  As  is  shown  in  Table  1  and  by  the  the  technical  assignment  to  develop  a  material  for  some 

experimental  data  obtained,  combined  (simultaneous)  concrete  product  exposure  and  service  conditions  or  by 

effect  of  elevated  temperatures  and  high  humidity  on  statistical  data  of  the  climate  of  the  climatic  zone  where 

current-conducting  materials  leads  to  a  considerable  the  product  being  developed  is  supposed  to  be  used, 

change  in  their  electric  resistance  as  compared  with  the 

effect  of  high  humidity  at  normal  temperature  (292K) .  Reliability  of  the  test  results  is  an  important  aspect  of 

Besides,  after  exposure  to  elevated  temperatures  and  the  problem  of  predicting  the  periods  of  long-term 
high  moisture-content  atmosphere  (at  333K  and  the  retention  of  material  properties.  Initial  materials  even 
humidity  of  98  to  100%  the  moisture  content  is  of  the  same  compositions  can  have  distinctions  caused 
approximately  10  times  as  high  as  that  at  293K  and  the  by  the  distinctions  of  the  characteristics  of  the  initial 

humidity  of  98  to  100%)  the  recovery  of  the  electric  component  parts,  permissible  departures  from  the 

resistance  of  the  material  is  impaired  even  after  manufacture  conditions,  variations  in  the  level  of  the 

sufficiently  long  exposure  of  the  material  to  low  binder-polymerization  degree,  etc.  Therefore,  to 

humidity.  It  indicates  that  both  the  character  of  obtain  more  objective  data,  it  is  reasonable  to  test  a  few 

moisture  sorption  and  the  character  of  moisture  lots  of  materials, 

interaction  with  the  structural  elements  of  the  material 

can  change  on  exposure  to  sever  temperature-  And  at  the  same  time  it  must  be  understood  that  none 

humidity  conditions,  which  won’t  correspond  to  real  of  the  accelerated-test  procedures  can  take  into 

conditions.  account  all  the  diversity  of  factors  affecting  the 

behavior  of  a  material  under  real  conditions.  No  matter 
Based  on  the  above,  when  accelerated  moisture-  how  reliable  and  substantiated  the  prediction  could  be, 
resistance  tests  are  conducted,  we  hold  the  viewpoint  only  real  service  can  clear  up  the  uncertainty  and  make 

that  the  test  temperature  should  be  at  the  level  close  to  the  prediction  true.  This  requires  that  the  prediction 

that  under  real  conditions  of  product  exposure  and  should  be  corrected  as  new  information  on  the  object 
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Changes  in  the  elongation  of  the  phenol-rubber  material  under  laboratory  conditions  (a)  and  under 

nature  conditions  (b). 


being  predicted  is  received,  which  is  achieved  in  the 
process  of  routine  maintenance  of  operating  products. 

Fig.  4  shows  comparative  data  on  changes  in  the 
elongation  of  the  phenol-rubber  composition  in  the 
process  of  thermal  ageing  under  laboratory  conditions 
(a)  and  under  nature  conditions  in  a  fabric  container. 
As  follows  from  the  data  obtained,  the  character  of 
changes  in  elongation  is  identical  for  all  the  testing 
conditions.  Reasonably  satisfactory  agreement  is 
obtained  between  the  results  of  accelerated  tests  and 
those  of  environmental  exposure  under  constant- 
temperature  conditions  (T=293K)  and  under 
continental-climate  conditions  where  no  long  high- 
temperatures  periods  are  available  during  a  year.  For 
the  hot-climate  zone  these  changes  are  much  more 


significant  than  those  during  accelerated  ageing. 

Furthermore,  some  results  we  got  while  testing  a 
number  of  materials  both  by  accelerated  methods  and 
under  real  conditions  and  some  comments  to  them  are 
brought  to  your  notice. 

In  our  report  we  have  tried  to  give  a  general  description 
of  the  methodical  approaches  we  use  and  to  show  the 
problems  arising  when  the  periods  of  long-term 
property  retention  are  predicted  for  polymer-based 
materials.  The  prediction  problem  involves  the 
development,  perfection  and  integration  of  the 
software  that  could  provide  systematization  of  the 
data-obtaining  methods,  development  of  data  bases, 
and  a  system  of  mutually  coordinated  standards. 
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ABSTRACT 

Corrosion  occurs  on  both  military  and  civilian  aircraft 
as  a  result  of  operation  in  corrosive  environments 
and  utilization  of  less  than  optimum  corrosion 
preventive  measures  during  fabrication.  For  low 
usage  rate  systems  such  as  military  aircraft,  corrosion 
treatment  constitutes  a  high  cost  maintenance  action 
because  corrosion  effects  can  be  life  limiting  mainly 
due  to  the  fact  that  current  techniques  require 
extensive  material  loss  for  reliable  detection  of 
corrosion.  For  high  usage  systems  such  as 
commercial  aircraft,  corrosion  may  constitute  a  safety 
problem.  A  recent  study  by  the  U.  S.  Air  Force  at 
Tinker  Air  Force  Base  has  demonstrated  that  while 
off-the-shelf  nondestructive  inspection  equipment  has 
some  capability  for  detecting  and  quantifying  aircraft 
corrosion,  significant  improvements  in  both  detection 
and  quantification  are  still  required.  Results  of  this 
study  will  be  briefly  reviewed  along  with  discussions 
relating  to  some  new  and  innovative  inspection 
technology  for  detecting  corrosion.  New  concepts 
and  techniques  for  corrosion  monitoring,  i.e., 
detection  of  onset  of  corrosion  or  breakdown  of 
corrosion  protection  system,  will  also  be  discussed. 
Advances  in  electrochemical  measurements,  thermal 
imaging,  and  optical  scanning  for  chemical  changes 
are  providing  some  new  research  and  development 
opportunities.  Finally,  coneepts  relating  to  damage- 
revealing  chemicals  and  coatings  which  may 
revolutionize  the  detection  and  management  of 
corrosion  in  our  systems  will  be  discussed. 

INTRODUCTION 

To  a  certain  extent,  almost  all  environments  can  be 
classified  as  corrosive  because  moisture  in  the  air 
along  with  its  atmospheric  contents  (acids,  salts,  and 
organics)  can  condense  on  almost  any  metallic  object 
to  cause  corrosion.  Non-metallic  materials  can  also 
absorb  moisture  and  deteriorate  with  prolonged  solar 
exposures  and  varying  climatic  conditions.  Recent 
estimates  indicate  that  corrosion  related  costs  in  the 
U.  S.  are  as  high  as  4.2  percent  of  the  GNP  or  about 
$70  billion[l].  About  $4B  of  this  cost  is  due  to 
aircraft  corrosion. 

It  is  well  known  that  military  as  well  as  civilian 
aircraft  operators  use  a  significant  portion  of  their 
maintenance  budget  on  corrosion  related  issues. 
These  inelude  costs  attributed  to  corrosion  detection. 


prevention,  repair,  and  control  at  both  depot  and 
field  levels.  A  reeent  Air  Force  sponsored  study 
concluded  that  approximately  $718  million  per  year 
can  be  attributed  directly  to  corrosion  related  issues 
on  the  current  inventory  of  operating  military 
aircraft[2].  Approximately  an  equal  amount  of  money 
is  spent  by  the  Navy  in  corrosion  maintenance  cost. 
The  indirect  use/nonuse,  downtime  etc.,  not  including 
loss  of  life,  could  add  another  0.5B  dollars  annually 
for  the  Department  of  Defense.  It  is  interesting  to 
note  that  the  oldest  aircraft  C/KC-135,  C-130,B-52, 
F-lll,and  C-141  account  for  approximately  half  of 
the  total  cost.  US  Navy  experience  indicates  that 
27  percent  of  life  cycle  cost  of  operational  aircraft  is 
in  the  ownership  and  support  function.  This  is  to  be 
contrasted  with  15  percent  costs  for  R&D  and 
58  percent  related  to  the  procurement  of  the  system. 
The  higher  percentage  eosts  for  the  Navy 
maintenance  are  directly  attributed  to  the  highly 
corrosive  environment  its  aircraft  operate  under. 

Even  the  use  of  advanced  materials,  such  as  graphite- 
epoxy  and  graphite/bismaleimide  eomposites,  to 
replace  metallic  structures  does  not  alleviate 
environmental  impacts  on  the  aircraft.  Concerns 
about  polyimide  degradations  due  to  galvanic 
corrosion  effects  on  airframe  structures  have  recently 
been  raised[3].  Damage  detection  in  case  of 
advanced  materials  is  currently  in  the  developmental 
stage  and  the  reliability  of  techniques  used  are  not 
well  established.  This  can  become  a  significant  factor 
as  today’s  planes  containing  composite  material 
components  age  and  get  damaged. 

Corrosion  detection,  prevention,  and  control  issues 
have  historically  had  low  priority  in  weapon  systems 
development.  In  systems  such  as  the  C/KC-135, 
material  selection  was  primarily  predicated  upon 
reduced  weight  and  improved  mechanical 
performance.  Scant  attention  was  paid  to  the 
possibility  of  galvanic  reactions  due  to  contact  of 
dissimilar  conducting/metallic  materials.  Airframe 
designs,  often  inadvertently,  provided  locations  for 
entrapment  of  corroding  agents  including  moisture 
and  sometimes  precluded  access  to  corrosion  prone 
areas.  In  addition,  corrosion  prevention  had  lower 
priority  than  acquisition  costs,  weight,  appearance, 
operational  readiness,  and  safety  of  flight. 

During  the  period  of  generous  defense  budgets  with 
new  systems  promptly  entering  operational  status  to 
replace  older  systems,  corrosion  was  not  a  seriously 
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impacting  constraint  on  operational  readiness.  At 
the  present  time,  however,  with  the  current  fleet 
aging,  without  newer  aircraft  entering  the  inventory, 
the  deleterious  effects  of  corrosion  have  become 
more  acute  in  terms  of  readiness  and  quick  response. 
This  is  due  to  the  fact  that  corrosion  is  a  much  more 
severe  problem  for  older  aircraft.  Preventive 
maintenance  and  repair  actions  require  the  affected 
system  to  be  removed  from  service  for  long  periods 
of  time.  In  most  cases,  removal  and  replacement  of 
skin  is  required,  which  is  an  expensive  and  time 
consuming  proposition.  Thus,  the  attendant  cost  of 
maintaining  older  aircraft  is  substantially  higher  and 
increases  dramatically  with  age.  Further,  corrosion 
affects  the  fatigue  life  of  airframes  and,  therefore,  has 
implications  related  to  life  extension  issues.  Non¬ 
detectability  of  critical  component  damage  due  to 
corrosion  may  cause  catastrophic  failure  since  stress 
cracking  susceptibilities  are  increased  by  a  factor  of 
ten  or  more[3]. 

In  the  current  era  of  reduced  budgets  along  with 
increased  environmental  constraints  on  chemicals 
currently  in  use  for  corrosion  prevention,  protection, 
and  control,  it  is  desirable  that  a  fresh  assessment  of 
corrosion-related  issues  be  undertaken.  Efforts  that 
are  directed  towards  early  detection,  localization,  and 
quantification  of  corrosion,  if  successful,  can 
substantially  reduce  fleet  operational  costs.  In 
addition,  plans  are  also  underway  to  store  a  number 
of  acquired  aircraft  and  other  weapon  systems  for 
long  periods  of  time.  Since  environmental  effects  on 
materials  are  cumulative,  corrosion  could  be  highly 
damaging  to  both  the  structural  and  electronic 
components.  Thus,  preservation  of  military 
hardware,  does  require  continuous/periodic 
monitoring  in  terms  of  functional  and  structural 
integrity.  Early  and  accurate  detection  of  corrosion 
or  material  degradation  is  important  because  simpler 
repairs  can  be  instituted  for  the  damaged  area 
yielding  considerable  savings  in  both  material  and 
labor  costs. 

CORROSION  DETECTION 

The  most  commonly  used  technique  of  surface 
corrosion  detection  is  visual  inspection.  The  inability 
to  gain  access  for  visual  inspection  of  all  possible  has 
corrosion  location  sites  led  to  the  consideration  of  a 
host  of  instrument-based  technologies  such  as  eddy 
current,  ultrasonic,  and  radiographic.  These 
techniques  require  significant  material  loss  to  be 
effective,  are  somewhat  quantitative,  and  are  an 
improvement  over  visual  methods  for  detection  of 
hidden  eorrosion.  In  spite  of  the  availability  of  a 
wide  choice  of  nondestructive  evaluation  (NDE) 
technologies,  questions  regarding  the  accuracy  and 
reliability  of  these  techniques  to  detect,  localize,  and 
quantify  corrosion  remain.  Some  of  the  reasons 
include  use  of  sensors  which  are  not  specific  to 
corrosion  products,  area,  or  volumetric  flaw 
detectors.  In  a  recent  state  of  the  art  review  of  NDE 
methods  for  corrosion  detection,  Beissner  and  Birring 
conclude  that  methods  for  hidden  corrosion  detection 
are  not  yet  fully  deveIoped[4]. 


In  a  workshop  on  assessment  of  current  corrosion 
research  and  development  issues,  it  was  noted  that 
detection  of  corrosion  in  aircraft  structures  is 
complicated  by  geometrical  constraints.  Much  of  the 
earlier  efforts  in  detection  technology  have,  therefore, 
been  directed  at  matching  specific  techniques  to 
specific  structural  geometries.  It  was  also  reported 
that  current  methods  of  inspection  for  an  operational 
aircraft  can  require  over  1 ,000  man-hours  of 
disassembly,  inspection,  and  reassembly  for  areas  that 
can  not  be  inspected  in-situ.  Detection  and 
quantification  of  corrosion  without  disassembly 
remains  a  high  priority  research  and  development 
issue  for  the  Air  Force.  Improved  means  for 
detection  and  measurement  of  corrosion  damage  such 
as,  paint  property  alterations,  coating  integrity 
assessment,  new  paint  formulations,  automated  rapid 
inspection,  field  usability,  and  quantification  were  also 
reported  as  areas  ripe  for  further  research  and 
development.  Lack  of  funding  as  well  as  other 
priorities  in  the  Air  Force  have  precluded  a  long 
term  and  substantial  effort  to  address  all  the  needs 
and  issues  raised  at  this  workshop  [5]. 

In  a  more  direct  approach  to  assess  the  applicability 
of  current  NDE  methods  in  corrosion  detection. 
Tinker  Air  Force  Base  has  embarked  on  a  program 
of  providing  realistic  samples  of  corroded  specimen 
from  C/KC-135  and  B707  aircraft  to  the  research 
community.  Industry  and  other  government  agencies 
were  invited  to  employ  off-the-shelf  technologies  to 
detect  and  quantify  hidden  corrosion.  To  date  over 
50  organizations  utilizing  NDE  technologies  that 
include  eddy  current,  ultrasonic,  radiographic,  and 
thermal  wave  imaging  have  voluntarily  participated  in 
this  study  at  no  cost  to  the  Air  Eorce.  Major  benefits 
to  accrue  from  this  program  are  that  the  effectiveness 
and  applicability  of  current  NDE  equipment  can  be 
assessed  and  compared  in  a  controlled  environment. 

In  a  companion  paper  at  this  meeting,  further  details 
regarding  the  program  are  being  presented[6] . 

It  is  generally  known  that  while  results  from  cut-up 
or  inspection  of  a  corroded  aircraft  will  provide  some 
generic  data  for  corrosion  control  and  prevention, 
more  basic  work  will  remain.  In  addition,  the  Air 
Force  Corrosion  Program  Office  is  of  the  view  that 
substantial  savings  will  accrue  from  measures 
designed  to  prevent  corrosion.  Current  corrosion 
control  programs  during  preventive  depot 
maintenance(PDM)  involve  rework  or  replacement  of 
corroded  structure  and  reapplication  of  corrosion 
prevention  materials.  Both  the  Air  Force  and  Navy’s 
current  approach  to  control  of  corrosion  effects  have 
been  through  three  levels  of  periodic  maintenance:  on 
equipment,  intermediate,  and  depot. 

In  the  civilian  sector,  the  effects  of  corrosion  were 
evident  from  the  investigations  into  the  causes  of  the 
Aloha  Airlines  accident  in  April  1988.  The  fuselage 
section  in  which  a  20  ft  long  fracture  occurred  during 
flight  was  observed  to  be  severely  corroded  with 
multi-site  damage.  Partly  in  response  to  this  accident 
and  also  to  enhance  safety  of  the  travelling  public. 
Congress  enacted  the  Aviation  Safety  Research  Act 
of  1988.  This  Act  has  increased  the  scope  of  the 
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FAA’s  mission  to  include  provision  of  funds  for 
research  and  developmental  efforts  as  assistance  to 
industry  towards  maintaining  continued  airworthiness 
of  the  aging  commercial  fleet.  In  addition,  Congress 
enacted  the  Aviation  Research  Grant  Act  of  1989,  to 
enable  colleges,  universities,  and  nonprofit  research 
organizations  to  apply  for  research  grant  awards  from 
the  FAA.  A  major  focus  of  research  funded  by  FAA 
has  been  in  the  area  of  corrosion  detection  and 
corrosion  fatigue  interactions.  It  is  anticipated  that 
the  FAA  funded  research  will  lead  to  the 
development  of  a  model  for  the  corrosion  process 
which  will  be  integrated  into  a  probabilistic  model  for 
service  life  predictions[7] . 

PLANNED  PROGRAMS 

Air  Force  and  Navy  are  cooperating  in  the 
development  of  chemical  sensors,  which  can  be 
applied  to  aircraft  structures  via  a  paint  based  system, 
to  identify  and  detect  corrosion.  As  corrosion  gets 
initiated  chemical  reaction  of  sensor  material  with 
corrosion  products  alters  its  optical  characteristics. 

A  suitable  detector  can,  then,  identify  the  affected 
areas [8]. 

Both  the  Air  Force  and  the  FAA  have  funded  efforts 
in  the  area  of  thermal  wave  imaging  for  rapid 
assessment  of  aircraft  structures  for  hidden  corrosion. 
These  techniques  depend  on  thermal  diffusivity 
mismatch  and  provide  a  temperature-time  image  of 
the  inspected  area.  Disbond,  material  loss  due  to 
corrosion,  and  dissimilar  material  conductivities  will 
provide  a  differing  image  which  can  be  analyzed. 

The  FAA  Technical  Center  has  encouraged 
investigations  using  this  technology  at  the  National 
Aging  Aircraft  NDE  Validation  Center  on  their 
Boeing  737  test-bed.  At  the  time  of  this  writing,  lack 
of  independent  means  of  verifying  the  identified 
corrosion  locations  as  well  as  their  quantification 
remain  still  to  be  explored  research  and  development 
issues. 

Based  on  the  results  of  a  highly  successful  Air  Force 
program  in  solid-state  x-ray  detection,  a  development 
project  was  initiated  in  FY93  to  scale  up  this 
technology  to  provide  an  8  in  x  8  in  field  of 
inspection.  The  semi-automated  prototype  is  geared 
towards  depot/field  assessment  of  airframe  structure, 
and  engine  component  degradation  caused  by 
corrosion.  Some  of  the  anticipated  results  are  spatial 
resolution  approaching  20  line  pair/mm,  dynamic 
range  exceeding  3000:1,  and  wide  operating  energy 
range.  Another  program  is  to  assess  the  applicability 
of  back  scattered  tomography  (BIT)  to  corrosion 
detection  and  quantification.  This  technology  seeks 
to  address  the  issue  of  structural  inspection  in  areas 
of  limited  access  requiring  single  side  inspection. 

Other  programs  of  interest  include  laser 
generated/detected  ultrasonics,  pulsed  eddy  current 
inspection[9] . 

FAA  has  been  involved  in  contractual  efforts  to 
detect  sub  surface  corrosion  using  a  newly  developed 
technology,  magneto-optic  imaging.  Results  from  this 
Small  Business  Innovative  Research  (SBIR)  funded 


effort  have  been  encouraging. 

In  addition,  there  have  been  activity  in  the  eddy 
current,  back-scatter  radiography,  and  a  visual 
inspection  enhancement  technique,  retro-reflective 
light.  This  is  a  patented  method  to  visualize  surface 
distortions  which  can  be  applied  to  large  area 
inspection,  such  as  aircraft  structures.  A  companion 
paper  presented  at  this  meeting  provides  details  of 
this  rapid  area  inspection  technique  [10]. 

EARLY  DETECTION  AND  QUANTIFICATION 
EFFORTS 

It  is  apparent  from  the  foregoing  that  the 
development  of  an  early  warning  corrosion  detection 
device  is  highly  desirable.  In  addition,  if  the  sensors 
are  micro-thin,  they  can  readily  be  inserted  into 
corrosion  prone  areas  to  provide  the  possibility  of 
continuous  monitoring  of  the  functional  and 
structural  integrity  of  an  aircraft. 

A  prototype  micro  sensor  has  recently  been 
developed  by  the  Navy  which  exploits  the  well-known 
galvanic  corrosion  process[ll].  Two  dissimilar  metals 
with  an  insulating  gap,  such  as  Gold  and  Cadmium, 
in  the  presence  of  an  electrolyte(moisture  containing 
pollutants)  bridging  the  gap  form  a  galvanic  cell  when 
they  are  short  circuited.  The  magnitude  of  the 
galvanic  current  depends  on  the  thickness  of  the 
condensed  film,  its  conductivity,  and  the  extent  to 
which  the  electrodes  are  polarized[12].  Monitoring  of 
the  sensor  current  output  provides  an  early  indication 
of  corrosion  initiation.  A  variety  of  sensors  have 
been  designed  and  fabricated  on  a  0.025  mm  thick 
kapton  or  epoxy  film  using  a  photoresist  process. 

The  elements  for  sensors  were  micro  dimensional 
strips(  0.12  to  0.25  mm  wide  and  0.05  mm  thick)  of 
noble  and  active  metals  placed  in  alternative  fashion 
concentrically  (interdigitated).  Some  combinations 
used  are  gold  and  iron,  gold  and  zinc,  gold  and 
cadmium,  and  gold  and  tin.  These  sensors  have  been 
used  successfully  in  the  evaluations  of  integrity  of 
coatings,  sealants,  hidden  structures,  and  organic 
composites  under  laboratory  conditions[ll].  These 
sensors  are  currently  being  tested  for  monitoring 
environmental  corrosivity  aboard  carriers,  aircraft, 
during  aircraft  preservation  or  storage,  and  on  army 
ammunition  storage  sites. 

FLfTURE  R&D  NEEDS 

What  is  needed  in  the  near  term  is  a  program  to 
provide  realistic  data  related  to  managing  the 
corrosion  related  maintenance  and  repair  issues  of 
aging  aircraft.  This  program  should  address  the 
following  four  basic  needs  in  order  to  define  the 
baseline  for  further  research  efforts.  These  are 
where  to  inspect,  when  to  inspect,  how  often  should  it 
be  done,  and  how  accurately.  Defining  the  most 
commonly  occurring  sites  on  aircraft  structures  for 
corrosion  initiation  can  be  done  on  the  basis  of 
available  data  related  to  service  inspection  of  aircraft. 
The  issue  of  when  to  inspect  the  aircraft  relates  to 
aspects  of  the  environment  the  aircraft  is  operating 
under  and  its  corrosive  conditions,  coating  protection 
breakdown,  corrosion  initiation  and  growth  rates,  etc. 
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Growth  rates  of  corrosion  related  damage  and 
capability  of  current  NDE  instrumentation  with 
respect  to  a  specific  aircraft  type  are  important  issues 
in  this  regard.  Safety  and  economic  considerations 
dominate  the  issue  of  how  often  the  inspections 
should  be  done.  Damage  growth  rate,  interaction 
with  environmental  factors,  material  quality,  and  age 
of  the  aircraft  are  important  parameters.  In  addition, 
the  environment  under  which  the  aircraft  operates 
also  needs  to  be  taken  into  account.  Accuracy  of  a 
particular  NDE  technique  to  quantify  corrosion 
damage  needs  to  be  compared  against  cost  and 
manhour  requirements. 


A  COORDINATED  CORROSION  R&D  PROGRAM 

It  is  apparent  that  there  have  been  many  efforts  in 
detection,  prevention,  and  control  funded  by  various 
government  agencies.  However,  there  has  been  little 
or  no  coordination  among  the  funding  agencies  on 
issues  related  to  seience  base  technology  development 
and  its  eventual  transition  to  field  use.  The  issues  in 
the  development  of  a  comprehensive  program  in 
corrosion  per  se  are  organizational,  research  and 
developmental,  and  prevention  and  control. 

A  centralized  government  wide  working  group  with 
technical  representation  from  corrosion,  structures, 
and  NDE  areas  with  responsibility  for  coordinating 
research  and  development  efforts  should  be 
established.  This  group  should  include 
representatives  from  the  Navy,  Air  Force,  FAA, 
National  Institutes  of  Standards  and  Technology,  and 
NASA.  An  interface  with  the  aircraft  industry, 
manufacturers  and  airlines,  could  provide  a  powerful 
organizational  structure  to  effectively  manage  all 
issues  related  to  corrosion. 

Figure  1  shows  a  comprehensive  research  and 
development  program  addressing  issues  related  to 
corrosion  detection,  prevention,  and  control.  The 
basic  research  should  address  the  issue  of  further 
technological  developments  needed  for  corrosion 
prevention  and  control.  Analytic  and  quantitative 
corrosion  investigation  encompassing  both  basic  and 
applied  research  should  be  initiated. 

Quantification  of  effects  of  corrosion  on  electronic 
components  and  systems  as  a  result  of  various 
chemicals  being  used  for  corrosion  control  is  another 
important  area  of  concern  with  in-service  aircraft. 
Environmental  aspects  related  to  corrosion  should  be 
documented  from  available  research  data  and 
publications.  Corrosion  standard  samples  should  be 
developed  so  that  accurate  assessment  of  developed 
NDE  technologies  can  be  undertaken. 

Basic  and  applied  research  related  to  subsurface 
corrosion  identification,  and  quantification  should  be 
continued  with  both  laboratory  samples  as  well  as 
actual  structures.  NDE  technology  development  with 
the  goal  of  reduction  in  the  overall  cost  of  inspection 
and  reduction  in  man-hour  requirements  is  needed. 
Reliability  and  accuracy  of  quantification  of  corrosion 
damage  needs  to  be  established.  Further  research  in 


established  NDE  technologies  for  corrosion  detection, 
identification,  and  quantification  should  strengthen 
current  programs  in  the  areas  of  radiography  both  x- 
ray  as  well  as  neutron  radiography.  Real  time 
radiography  has  the  potential  to  reduce  the  time 
required  for  inspection  and  evaluation  significantly. 

In  addition,  the  development  of  film-free  radiography 
and  the  possibility  of  digital  image  acquisition  may 
provide  a  quantum  leap  in  further  usability  of  this 
technology.  Research  in  issues  related  to  further 
enhancing  the  capabilities  of  neutron  radiography  in 
terms  of  source  flux  and  subsequent  detection  may 
yield  good  dividends.  Further  research  is  needed  in 
thermal  methods  for  rapid  assessment  of  corrosion 
infested  areas  on  aircraft  structures.  All  these 
technologies  require  development  of  image  and  signal 
processing  capabilities  to  unambiguously  define 
corrosion  related  damage  in  structures. 

Continued  research  efforts  are  needed  in  the 
development  of  chemical  and  electrochemical  sensors 
which  are  specific  to  corrosion  and  their 
implementation  in  the  operational  fleet.  These 
sensors  are  currently  being  envisioned  for  use  in 
coatings  and  hidden/inaccessible  areas  of  structures 
for  in-situ  detection  and  monitoring  of  damage  due  to 
corrosion.  Integrity  assessment  of  coatings  and  paints 
used  for  corrosion  retardation  and  control  is  a  fertile 
area  for  innovative  R&D. 

R&D  issues  in  structural  fatigue  due  to  corrosion 
are:  fatigue  crack  growth  rates,  stress  intensity 
thresholds,  environments,  design  strength  based  on 
corrosion  impact  on  fracture  toughness  or  structural 
strength,  stress  corrosion  propagation  rates,  and 
fatigue  life  cycle  analysis.  Studies  of  damage 
assessment  in  advanced  materials  in  corrosive 
environment  are  needed.  Tradeoff  studies  of  various 
structural  alloy  systems  relating  specific  modulus  and 
strength  to  corrosion  resistance  should  provide 
important  information  relating  to  life  extension  issues 
in  replacing  corroded/degraded/damaged 
components. 

While  aluminum  dominates  the  aging  aircraft 
structures,  studies  related  to  corrosion  should 
encompass  all  types  of  material  structure  and 
component  such  as  aluminum  and  magnesium, 
honeycomb  structures,  composite  structures,  engine, 
electric/electronic  component,  and  lubricant  and 
hydraulic  systems. 

A  systematic  attempt  at  reducing  the  costly  and  man¬ 
hour  intensive  corrosion  related  damage  should 
include  prevention  and  control  as  a  major  factor.  In 
this  vein,  studies  related  to  the  efficacy  of  preventive 
measures  such  as  the  use  of  corrosion  prevention 
chemicals,  identification  of  corrosion  susceptible 
regions  on  aircraft  structures,  material  selection,  and 
construction  methodologies  are  needed.  Degradation 
of  preventive  coating  systems  as  a  result  of 
environmental  and  service  related  causes  needs  to  be 
quantified. 

An  important  aspect  related  to  life  extension  is  the 
development  of  aircraft  specific  data  base.  This 
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should  include  development  of  a  corrosion 
documentation  system  with  data  obtained  from 
aircraft  invasive  disassembly  and  analysis.  In 
addition,  ’corrosion  lessons  learned’  should  be  an 
important  parameter. 

SUMMARY 

Air  Force,  Navy,  and  the  FAA  Tech  Center  are 
directly  involved  in  understanding  and  developing  new 
approaches  to  detect  and  quantify  corrosion.  Early 
identification  of  corrosion  before  significant  material 
loss  is  important.  The  current  R&D  efforts  pursued 
by  various  government  agencies  need  to  be  enhanced 
for  significant  inroads  in  reducing  costs  attributed  to 
corrosion.  A  program  plan  presented  here 
envisioning  closer  cooperation  and  coordination  of 
efforts  can  be  a  starting  point  for  further  action  in 
this  important  area. 
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SUMMARY  influencing  corrosion  such  as 


To  prevent  corrosion  of  military  aircraft 
the  design  has  to  be  performed  with 
respect  to  a  careful  material  selection  and 
an  effective  surface  protection  treatment 
of  the  materials.  Protective  treatment  on 
aircraft  against  moisture,  humidity,  salty 
atmosphere,  industrial  environment, 
hydraulic  fluids,  fuel,  de-  icing  fluids, 
combat  chemicals  etc.  is  necessary  to 
meet  the  operation  requirements  of  the 
aircraft  throughout  its  operational  life. 
Occurring  corrosion  detected  during 
maintenance  shows  that  not  in  every  case 
the  requirements  above  can  avoid 
corrosion  problems.  This  report  will  show 
some  selected  examples  of  in-service 
corrosion  under  investigation  of  the 
causes.  Inspection  and  repair  methods  are 
shown,  further  recommendations  for 
corrosion  prevention  and  control  to 
reduce  corrosion  problems  based  on 
practical  experiences  will  be  given. 

1.  INTRODUCTION 

Due  to  Military  Aircraft  Design  material 
selection  and  surface  protection  in 
general  will  be  provided  in  accordance 
with  defined  standards  as  e.g. 

MIL-STD-  889,  MIL-F-7179, 
MIL-STD-1568,  MIL-  S-5002, 

MIL-F- 18264  or  specially  installed 
design  standards. 

The  application  of  these  standards  is  to 
ensure  a  comprehensive  aircraft  design 
resistant  to  corrosion  attack.  With  respect 
to  an  operational  life  of  at  least  30-  40 
years  for  a  military  aircraft  this  is  a 
difficult  task. 

Corrosion  experience  obtained  from 
maintenance  and  repair  indicates  that 
besides  factors  of  common  knowledge 


-  susceptibility  to  corrosion  of  high- 

strength  materials 

-  assembly  of  dissimilar  metals, 
generating  electrochemical  potentials 

-  atmosphere  /  humidity 

-  industrial  environment 

there  are  some  other  facts  that  also 
should  be  taken  into  account  such  as 

-  impracticable  application  of  design 
standards  due  to  manufacturing  or 
other  reasons 

-  in-  service  stresses  /  fatigue  loads 
higher  than  originally  calculated 

-  environmental  pollution  increased 

-  ageing  of  paint  system,  leading  to 

embrittlement  and  cracks 

-  ageing  of  jointing  compound 

-  manufacturing  processes  not  in  line 

with  requirements 

2.  CORROSION  DETECTION 

Early  detection  of  corrosion  is  very 
important  to  avoid  further  damages 
leading  to  cracks  and  to  reduce  the  repair 
costs  respectively  down  time  during 
maintenance. 

Besides  visual  inspection  as  a  main 
method  there  is  a  number  of  non 
destmctive  testing  techniques  such  as 
eddy  current  detection,  ultrasonic 
inspection,  radiography  etc.,  being  aware 
of  the  fact  that  the  latter  methods  can  be 
used  and  the  results  interpreted  by 
experts  only. 

The  detection  methods  used  at  the  DASA 
Mihtary  Aircraft  Maintenance  and  Repair 
Depot  will  be  described  within  the 
following  sections. 


Paper  presented  at  the  79th  Meeting  of  the  AGARD  Structures  and  Materials  Panel  on  “Corrosion  Detection  and 
Management  of  Advanced  Airframe  Materials"  held  in  Seville,  Spain,  5-6  October  1994. 
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2.1  Visual  Inspection 

In  general,  corrosion  damage  wiU  be 
detected  by  visual  inspection,  at  first 
without  paint  removal,  using  a  magnifier 
or  adequate  devices. 

Areas  of  reduced  accessibility  will  be 
inspected  by  use  of  endoscopic  devices 
etc.  As  visual  inspection  only  can  detect 
corrosion  already  indicated  by  paint 
blistering,  paint  cracking  ,  filiform  etc. 
also  the  non  indicated,  but  already 
existing  corrosion  below  the  paint  system 
should  be  detected  early  to  prevent 
further  damage. 

At  GAP  aircraft  visual  inspections  of  the 
skin  have  been  performed  before  and 
after  paint  removal.  Fig.  1  shows  the 
increase  of  detected  corrosion  after  paint 
removal,  on  average  approximately  60  % 
is  considered  as  a  typical  value. 

2.2  Eddy  Current  Detection 

The  eddy  current  detection  is  a  well 
established  method  not  only  suitable  for 
detection  of  corrosion,  cracks  and  other 
discontinuities,  but  also  to  determine  the 
corrosion  depth  respectively  residual  wall 
thickness  also  at  multi  layer  material,  a 
method  usable  without  paint  removal. 
There  are  two  applications  of  probe 
guiding 

-  by  hand  and 

-  by  scanner 

The  application  of  a  scanner  requires  a 
two  core-  probe,  also  suitable  for  guiding 
by  hand,  because  there  are  positions 
(e.  g.  edge  of  a  wing)  where  it  is  difficult 
for  a  scanner  to  be  fixed. 

For  calibration  respectively  test  of  an 
eddy  current  probe  some  test  specimens 
of  various  material  thickness 
incorporating  slots,  drills,fasteners  and 
typical  corrosion  will  be  required. 

Fig.  2  shows  a  plot  of  calibrated  curves, 
generated  by  a  stepped  sheet,  and  an 
example  of  detected  corrosion,  showing 
a  residual  wall  thickness  of  0.6  mm. 

To  determine  the  corrosion  depth,  e.g.  at 
a  series  of  fasteners  and  to  generate  a 
monitoring  picture  an  adequate 


equipment  of  computer,  software  and 
scanner  will  be  necessary. 

In  Fig.  3  a  block  scheme  of  the  required 
equipment  will  be  shown. 

Fig.  4  shows  the  scanner,  fixed  on  a  wing 
panel,  having  detected  some  corrosion 
round  a  fastener. 

2.3  Ultrasonic  inspection 

Ultrasonic  inspection  wiU  be  used  for 
detection  of  exfoliation,  cracks  and  for 
measurements  of  wall  thicknesses. 

This  detection  method,  inspecting 
normal  to  damage  extension  will  be 
preferably  used  for  determination  of 
residual  wall  thickness  after  removal  of 
corrosion,  giving  more  exact  results  than 
by  EC-detection,  but  not  applicable  on 
multi  layer  material. 

2.4  Radiography 

X-ray  or  gamma  radiation  preferably  will 
be  used  in  areas  of  less  accessibility  to 
other  detection  methods,  in  order  to 
detect  discontinuities  of  materials,  as 
pitting,  also  cracks,  provided  that  the 
radiation  will  be  directed  along  the  crack. 
Hence,  the  application  of  this  method 
especially  will  require  rough  knowledge 
of  the  damage. 

3  EXAMPLES  OF  IN-SERVICE 
CORROSION 

Obviously  in  most  cases  corrosion  on  the 
skin  of  an  aircraft  will  occur  near 
fasteners,  usually  countersunk  type,  also 
at  edges  and  access  panels.  Minor 
corrosion  will  be  found  on  uninterrupted 
parts  of  the  panels,  examples  will  show. 

3.1  Air  Intake 

Fig.  5  shows  an  air  intake  of  an  a/c  8 
years  old  with  corrosion  detected  before 
and  after  paint  stripping,  corrosion  is 
marked  by  circles. 
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Design  data  are: 

Air  intake  panel  made  from  2024  T62, 
thin  plate,  stretch  formed,  with  P.T. 
alodine,  epoxy-primer  chromate 
containing,  polyurethane  top  coat, 
countersunks  unprotected. 

Wet  assembly  of  titanium  fasteners, 
anodized,  by  jointing  compound, 
corrosion  inhibiting. 

Contact  corrosion  between  fasteners  and 
air  intake  panel  was  caused  by  paint 
cracking  round  fasteners  because  of 
dynamic  loads  and  paint  ageing,  the 
cracks  leading  to  an  ingress  of  humidity/ 
salt,  furthermore  by  embrittlement  of 
jointing  compound. 

Modification  of  protection  treatment  in 
maintenance  was  performed  by  use  of 
washprimer,  epoxy-primer  chromate  free 
and  acrylic  top  coat. 

3.2  Wing  trailing  edge 

Fig.6  shows  a  lower  wing  panel  of  an  a/c 
9  years  old  with  corrosion  deteced  before 
and  after  paint  stripping  ,  corrosion  is 
marked  by  circles. 

Design  data  are: 

Wing  panel  made  from  2024  T351, 
milled  down  from  thick  plate,  with  P.T. 
anodizing,  epoxy-piimer  chromate 
containing,  acrylic  top  coat. 

Countersunks  unprotected,  titanium 
screws  anodized  plus  MoSj  -  coating. 
Non  CRES-steel  nuts,  cadmium  plated  + 
MoSj. 

Exfoliation  form  of  intergranular 
corrosion  near  fasteners  was  determined, 
caused  by  high  susceptibility  to  corrosion 
of  this  plate  material,  electro  chemical 
potentials  and  permanent  humidity 
ingressing  from  the  upper  region,  from 
stress/fatigue  requirements  drainage  holes 
not  being  permitted. 

Fig.  7  shows  a  section  of  the  wing 
trailing  edge. 


Modification  of  protection  treatment  in 
maintenance  was  performed  as  following: 
protection  of  countersunks  by  washprimer 
and  epoxy -primer  chromate  free,  wet 
assembly  of  hinge  and  fasteners  by 
sealing  compound,  also  sealing  gaps  and 
nuts.  Additional  application  of  water 
repellent  compound. 

Fig.  8  shows  the  post-mod  version. 

4.  REPAIR 

Repair  of  corroded  a/c  in  general  will  be 
performed  acc.  to  Repair  Manuals  resp. 
Technical  orders  containing 
manufacturers  information  and 
instructions  of  repair  standards,  being 
aware  that  increasing  corrosion  on  ageing 
aircraft  also  may  require  the  development 
of  advanced  repair  methods. 

4.1  Removal  of  Paint  System 

From  a  number  of  available  devices  for 
paint  removal  the  following  have  been 
applied: 

paint  stripper,  chemical 
paint  thinner,  solvent  and 
mechanical  means. 

Paint  strippers  must  not  be  used  near 
gaps,  overlaps,  holes  because  after 
ingress  into  the  a/c  structure  the 
removability  will  be  low,  new  corrosion 
is  generated.  As  PU  finishes  are  highly 
chemical  resistant  paint  strippers  are 
acting  slowly,  a  mechanical  postwork 
will  be  necessary.  For  health  hazard  and 
environmental  reasons  the  application  of 
paint  strippers  should  be  restricted. 
Removal  of  one  pack  acrylic  finish  will 
be  possible  by  solvent,  one  of  the  reasons 
for  the  preferred  application  of  this  paint 
system.  Also  field  repair  can  be  done 
easily,  being  aware,  that  2-pack  primers 
cannot  be  removed  by  solvent. 
Mechanical  paint  removal  is  performed 
by  brushing,  grinding  and  abrasive 
blasting. 
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Preferably  plastic  media  paint  stripping 
the  so-called  dry  stripping  is  a  suitable, 
economical  method  for  removing  all 
paint  systems,  including  polyurethane, 
partial  or  totally  from  aircraft  skin, 
allowing  visual  inspection  and  excellent 
preparation  for  repainting.  Plastic  grains 
as  a  media  will  be  used,  existing  in 
several  grain  sizes  and  hardness.  Nearly 
100  %  of  the  blasting  media  can  be 
recycled  after  being  separated  from  paint 
dust  which  can  be  deposited  without 
problems. 

As  the  media  will  generate  some  residual 
compression  stress  on  stripped  surfaces, 
fatigue  and  crack  propagation  tests  have 
been  performed  on  stripped  and 
imstripped  sheet. 

The  results  from  fatigue  tests  of  un¬ 
notched  specimens,  stripped  and 
repainted  up  to  five  times,  do  not  show  a 
significant  influence  of  the  dry  stripping 
process  on  the  fatigue  properties.  [7]. 

Even  crack  propagation  tests  performed 
on  specimens,  stripped  and  repainted  up 
to  ten  times  do  not  show  any  influence 
[4]. 

Only  the  surface  roughness  will  increase 
slightly. 

In  opposite  to  grinding,  plastic  media 
blasting  will  not  remove  clad  coating. 

For  the  application  of  the  dry  stripping 
process  special  instractions  due  to  each 
type  of  aircraft  will  be  necessary, 
containing  relevant  process  parameters  as 
nozzle  diameter,  media  flow,  pressure, 
distance  and  angle  of  attack  of  the 
mouthpiece  with  respect  to  type  of 
material  and  thickness. 

Fig.  9  shows  a  GAF  a/c  subject  to  dry 
stripping. 

4.2  Removal  of  Corrosion 

Corrosion  removal  can  be  carried  out  by 
chemical  or  mechanical  devices.  As  the 
application  of  chemical  devices  may  lead 


to  an  ingress  into  gaps,  overlaps, 
countersunk  holes  etc.  its  usage  will  be 
restricted. 

Hence  mechanical  devices  such  as 
scraping,  grinding,  hand  milling,  and 
blasting  with  glass  beads  respectively 
aluminium  oxide  will  be  used,  with 
respect  to  the  type  of  corrosion. 

As  the  removal  of  pitting  corrosion  or 
filiform  is  more  easy,  exfoliation  requires 
alternating  blasting  and  grinding. 
Blistering  of  the  material  due  to  blasting 
will  show  any  remaining  corrosion, 
which  has  to  be  removed  totally  in  order 
to  prevent  new  corrosion  from  forming. 
Since  the  material  thickness  of  the 
structure  must  not  be  reduced  more  than 
necessary,  this  task  requires 
comprehensive  training  and  a  lot  of 
experience. 

After  removal  of  corrosion  (up  to  mirror 
surface)  the  residual  wall  thickness  will 
be  determined,  being  required  for 
decision  of  further  procedure  with  respect 
to  stress  /  fatigue  requirements  at  the 
following  categories: 

I.  dimensional  tolerances  of  parts 

not  exceeded 
repaint 

n.  dimensional  tolerances  exceeded, 

but  tolerable  from  stress  /  fatigue 
requirements 

perform  a  concession  and 
repaint 

III.  dimensional  tolerances  exceeded 

not  tolerable  from  stress  /  fatigue 
requirements 

perform  a  repair  /  repair 
scheme,  e.g.  by  doubler  or 
equivalent  and  repaint 
rv.  dimensional  tolerances  exceeded, 
not  tolerable  from  stress  /  fatigue 
requirements,  no  repair 
possible 

-  change  of  parts 

Due  to  measures  n  to  IV  documentation 
will  be  necessary. 
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4.3  Repainting 

As  in  the  case  of  a  total  repainting  the 
aircraft  will  stay  unprotected  3-4  months 
between  stripping  and  repainting,  the 
question  may  occur  if  a  temporary 
protection  will  be  necessary. 
Investigations  of  clad  sheet,  stripped  and 
repainted  immediately  after  stripping 
and  stripped  sheet,  repainted  after  months 
did  not  show  any  difference  of  adhesion 
of  paint  systems.  Therefore  an  interims 
protection  for  clad  sheet  will  not  be 
necessary,  only  around  fasteners 
temporary  protection  of  acrylic  laquer 
will  be  applied,  easily  removable  by 
solvent  before  repainting. 

As  pretreatment  before  repainting 
anodizing  or  chromate  conversion 
coating  would  be  required,  giving 
excellent  adhesion  properties  to  the 
substrate  and  to  following  paint  sytems, 
but  in  maintenance  only  available  as 
brush  processes,  not  applicable  near  gaps, 
overlaps  etc.  because  of  generating  new 
corrosion  when  ingressing  into  the 
structure. 

For  repainting  of  GAF  Tornado  a/c  a 
paint  system  consisting  of  washprimer, 
epoxy-primer  free  of  chromate,  and 
acrylic  top-coat  will  be  applied.  Subject 
to  corrosion  tests,  this  paint  system 
(without  top-coat)  was  passing  salt  spray 
tests  of  1000  hours  without  showing  any 
corrosion  and  also  42  cycles  (i.e.  1000 
hours)  of  humidity  tests,  the  paint 
system  including  acrylic  top-coat  [6]. 

5.  CORROSION  PREVENTION  AND 
CONTROL 

Experience  from  maintenance  shows  that 
always  corrosion  will  occur  on  military 
aircraft. 

Through  suitable  means  it  should  be 
possible  to  ensure  the  a/c  performance 
not  to  be  decreased  by  corrosion. 


5.1  Design  improvement 

Corrosion  prevention  already  starts 
during  development  phase  of  an  a/c,  by 
careful  material  selection,  surface 
protection  and  design. 

Airframe  design  includes  high-strength 
aluminium  alloys,  high  strength  steels, 
titanium-alloys  and  magnesium-alloys. 

Maintenance  experience  shows  that  due 
to  design  the  strength  properties  of 
materials  have  to  be  considered  versus 
inherent  corrosion  properties. 

Hence,  aluminium  alloys  extremly 
susceptiple  to  corrosion  should  be 
eliminated  from  material  selection  lists  or 
consequently  applied  in  a  heat  treated 
condition  less  prone  to  exfolition  or  SCC, 
such  as  overaged  zinc-alloys. 

For  the  application  of  steel  CRES 
material  should  be  preferred  prior  to 
NON-CRES  material.  As  steels  in  general 
will  be  cadmium  plated  for  compatibility 
with  aluminium,  cadmium  plating  of 
CRES  may  be  replaced  by  painting,  zinc 
or  aluminium  coatings,  except  for  bushes, 
still  to  be  cadmium  plated  before 
installation  in  aluminium  structures. 

Also  the  application  of  high  strength 
steels  should  exclude  tempers  susceptible 
to  stress  corrosion  cracking. 

Since  titanium  alloys  in  general  are  not 
prone  to  corrosion  but  may  generate 
corrosion  when  assembled  to  aluminium 
stractures,  sufficient  protective  treatment 
in  area  of  touch  has  to  be  provided  such 
as  anodizing,  painting,  coating,  wet 
assembly. 

The  application  of  those  magnesium- 
aUoys,  tending  to  severe  corrosion, 
should  be  eliminated  consequently  from 
stractural  design. 
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With  respect  to  the  requirements  to 
surface  protection,  resulting  from 
different  categories  of  an  aircraft  a 
classification  of  several  zones  will  be 
recommendable  such  as: 

Zone  A:  Interior  surfaces,  not  to  be 
subjected  to  permanent  con¬ 
densation 

Zone  B:  External  and  internal  surfaces, 
to  be  exposed  to  wet  environ¬ 
ment 

Zone  C:  Fuel  wetted  surfaces 

Due  to  each  zone  the  protection  treat¬ 
ment  meeting  the  requirements  may  be 
selected. 

Since  the  development  of  future  primer 
systems  will  lead  to  products  free  of 
chromate,  anodizing  of  aluminium-alloys 
should  be  applied  as  a  pre-treatment 
giving  more  corrosion  resistance,  as 
investigations  have  shown. 

As  in  most  cases  aluminium-alloys  have 
been  treated  by  conversion  coating  or 
anodizing  prior  to  primer,  in  case  of  skin 
panels  fitted  with  pilot  holes,  to  be 
drilled  up  during  a/c  assembly,  hence 
countersunk  drills  wih  be  bare  of  any 
pre-treatment  because  protection  post¬ 
treatment  is  not  provided. 

So,  wet  assembly  of  fasteners  has  to  be 
obligatory,  using  sealing  compounds 
only.  Maintenance  experience  shows,  that 
jointing  compounds,  although  corrosion 
inhibitive,  do  not  seem  to  meet  the 
protection  requirements  over  years 
because  of  progressing  embrittlement  and 
leaching. 

The  application  of  more  flexible  poly¬ 
urethane  top  coat  may  improve  corrosion 
resistance  round  countersunk  fasteners 
but  in  the  past  no  significant  differences 
have  been  detected  between  corroded 
skins,  painted  either  with  acryhc  or 
polyurethane  top  coat. 


Provision  of  water  repellent  compounds 
as  design  means  should  be  avoided 
because  of  difficult  and  time  consuming 
removability  due  to  paint  removal,  as 
weU  remaining  particles  will  reduce 
adhesion  of  paint.  Application  may  be 
provided  in  regions  of  wet  environment 
and  of  less  accessibility  for  repair  and 
repainting  (as  bays,  cavities  etc),  where 
paint  systems  are  not  sufficient,  but  being 
aware  of  the  necessity  of  re-conservation 
yearly. 

Further,  sufficient  drainage  and 
ventilation  of  the  interior  airframe  has  to 
be  provided,  also  the  possibility  of 
artificial  ventilation  by  air  of  low 
humidity  through  an  a/c  during  down 
time  should  be  taken  under  consideration. 

Humidity  absorbing  foam  blocks  inside 
of  a/c  should  be  avoided  or  sealed 
against  ingress  of  moisture  by  adequate 
devices.  Even  the  use  of  foam  material 
releasing  corrosion  increasing  substances 
should  be  prevented  in  a/c  design. 

5.2  Measures  of  maintenance 

The  installation  of  a  Corrosion  Pre¬ 
vention  and  Control  Program  for  in- 
service  aircraft  wiU  be  suggested,  this 
program  containing  all  relevant  measures, 
being  aware  that  in  maintenance  pre¬ 
ferably  the  symptoms  of  corrosion  will 
be  treated  prior  to  causes. 

As  a  part  of  the  program  above,  all 
occuring  corrosion  damage  will  be 
documented  in  a  Corrosion  Control 
Register  due  to  each  aircraft. 

Statistical  evaluation  may  show  a  single 
case  or  typical  corrosion,  often  occured  at 
same  parts. 

Single  corrosion  will  be  removed 
followed  by  repainting,  documentation 
depending  from  severity  (see  sect  4.2). 
Having  detected  part-typical,  multiple 
corrosion  the  following  will  be 
performed: 
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o  Analysis  of  corrosion  and 
determination  of  the  causes 
o  Development  of  remedial 
measures  by  improved  surface 
protection,  improved  design  etc. 
o  Laboratory  tests  /  flight  tests 
o  Interpretation  of  test  results 
o  Installation  of  T.O.  /  MOD  and  fitting 
to  a/c. 

Adequate  devices  as  corrosion  control 
data  sheets,  having  been  created  for 
registration  of  corrosion,  also  computer 
programme  for  interpretation  are 
available. 

Fig.  10  shows  a  corrosion  control  data 
sheet  of  the  lower  wing  panel. 

By  these  means  the  effectiveness  of 
maintenance  and  repair  measures  can  be 
observed  over  years,  the  application  of 
advanced  methods  inclusive. 

6.  CONCLUSIONS 

Since  maintenance  experience  shows  that 
untreated  corrosion  will  lead  to  an 
expensive  change  of  parts,  efficient 
corrosion  control  measures  have  to  be 
provided. 

As  already  outlined  in  sect.  2.1, 
repainting  without  removing  the  primer 
will  not  be  suitable  to  detect  100%  of 
corrosion. 

Fig.  1 1  will  explain  the  effectiveness  of 
repair  with  and  without  the  removal  of 
the  primer. 

Hence  paint  remvoval  from  the  a/c  skin, 
also  to  detect  the  start  of  corrosion  wUl 
be  essential  within  defined  intervals. 

To  prevent  major  corrosion  5-8  years 
seem  to  be  reasonable. 


Fig.  12  schematically  shows  the 
exponential  progress  of  untreated 
corrosion  versus  the  improvement  of  the 
a/c  condition  by  in-time  repair  within 
defined  intervals.  Corrosion  prevention 
and  control  measures  such  as  total  paint 
stripping  may  appear  to  be  expensive  at 
the  moment,  but  being  long-term 
measures  of  high  effectiveness  the  overall 
repair  costs  during  a/c  life  will  drop 
drastically. 
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Comparison  of  the  volume  of  detected  corrosion  on  the  skin,  before  and  after 
paint  removal. 


Thickness 


Calibration  of  Thickness  Corrosion 

by  Stepped  Sheet 


Fig.  2 

Eddy  current  detection,,  single  frequency 


Scanner 


2 


EC-Detection  of  corrosion  by  scanner, 
block  scheme  of  the  equipment 
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Corrosion  detection  by  scanner 


Monitoring  of  corrosion  detected 


Fig.  4 
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Air  intake  before  paint  removal 


Air  intake  after  paint  removal 
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Lower  wing  panel  before  paint  removal 


Lower  wing  panel  after  paint  removal 


■Lower  wing  panel 
Material  2024  T  351 


Exfoliation 


Hinge  ^Access  panel 


WING  TRAILING  EDGE 
Fig.  7 


Sealing  compound 

n ! 


Area  of  water  repellent  compound 
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Corrosion  control  data  sheet  of  lower  wing  panel 
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I 
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II 

on  bare  Substrate  only 

Low  Corrosion 

III 

after  Removal  of  Topcoat 

Medium  Corrosion 

IV 

Visible  on  Topcoat 

Medium/Severe  Corrosion 
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Only  Topcoat 
Repainted 
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Remaining  Corrosion  n 
and  Paint  Cracks  I 


Maintemamce  Measure  "B" 

Repaint 

Completely 


Complete  Repair 
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Effectiveness  of  repair  with  and  without  paint  removal 
Fig.  11 
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U.S.  NAVY  OPERATING  EXPERIENCE 
WITH  NEW  AIRCRAFT  CONSTRUCTION  MATERIALS 

G.  T.  Browne 
Material  Advisor 

Commander  Naval  Air  Force,  U.S.  Atlantic  Fleet 
Code  528 
Naval  Air  Station 
NORFOLK,  VA  23511 
UNITED  STATES 


This  paper  addresses  the  U.S.  Navy's  experience 
and  problems  encountered  with  new  aircraft 
construction  material  in  the  highly  corrosive  naval 
operating  environment,  to  include: 

Experience  with  carbon  bismaleimide  (BMI)  and 
epoxy  matrices  composite,  new  aluminum  alloys 
and  metal  to  composite  joint  repair  of  honeycomb 
and  monolithic  composite  structure  in  fleet 
activities  ashore  and  afloat. 

Problems  experienced  with  electromagnetic 
interference  (EMI)  protection,  systems  currently 
in  use,  and  the  development  of  corrosion 
inhibiting  conductive  (EMI)  sealant. 

Fastener  compatibility  for  joining  carbon 
composite  to  metals,  H-60  and  H-53  helicopter 
problems,  and  corrective  actions. 

1 .  The  U.S.  Navy  is  a  premier  organization  that 
stays  on  the  leading  edge  of  material  technology. 
Today,  the  U.S.  Navy  operates  more  aircraft 
containing  carbon  epoxy  composite,  new 
aluminum  alloy/tempers  and  steels  in  the  naval 
operating  environment  than  any  other 
organization  in  the  world.  These  aircraft  operate 
anywhere  on  the  globe. 

Weather  is  always  a  factor  in  long  term  material 
performance.  Sunny  days  with  air  temperatures 
of  70°F  (2UC)  and  seas  like  glass,  to  temperature 
extremes  with  highs  in  excess  of  100“F  (ST^C)  and 
lows  below  32“F  (0°C)  with  high  seas  and  strong 
winds  resulting  in  water  coming  over  the  bow  of  a 
super  carrier.  Another  factor  of  concern  is  the 
acid  environment  in  which  we  live  and  operate. 
See  reference  (I).  (Show  Figures  1/2). 


The  naval  operating  environment  provides  a 
material  testing  laboratory  that  is  second  to  none. 
We  have  seen  many  material  problems  which  are 
discussed  in  this  paper. 

Note:  When  problems  are  discovered,  fleet 
operators  advise  the  Commander,  Naval  Air 
Systems  Command  (COMNAVAIRSYSCOM); 
Naval  Air  Warfare  Center;  Cognizant  Field 
Activities  (CFA);  and  aircraft  manufacturers. 
COMNAVAIRSYSCOM  initates  action  to 
correct  the  problem  in  the  most  economical  and 
expeditious  manner.  Commander  Naval  Air 
Force,  U.S.  Atlantic  Fleet  (COMNAVAIRLANT) 
ensures  solutions  are  compatible  with  operational 
requirements  and  maintenance  capacity. 

Overall,  the  new  materials  introduced  in  F/A-18, 
AV-8B,  H-60,  and  H-53E  have  performed  well  in 
the  environments  described  above  as  individual 
materials.  However,  when  the  materials  are 
joined,  problems  start  and  quickly  advance  in  the 
harsh  naval  environment.  For  example: 

2.  The  newest  in  aerospace  materials, 
composites,  and  hybrid  materials  pose  new 
problems  when  these  materials  are  attached  to  the 
more  conventional  aerospace  alloys.  These  new 
aerospace  couples  cause  accelerated  galvanic 
corrosion  that  can  lead  to  rapid  deteriortion  of 
critical  aircraft  parts,  both  metallic  and 
non-metallic.  It  is  well  known  that  when 
carbon/graphite-epoxy  composite  materials  are 
coupled  to  aluminum,  steel,  or  titanium;  the  metal 
corrodes  (in  preference  to  the  strong  carbon/ 
graphite  cathode). 


Paper  presented  at  the  79th  Meeting  of  the  AGARD  Structures  and  Materials  Panel  on  "Corrosion  Detection  and 
Management  of  Advanced  Airframe  Materials”  held  in  Seville,  Spain,  5-6  October  1994. 
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This  type  of  corrosion  is  called  galvanic  corrosion. 
It  should  be  realized  that  any  carbon  fiber 
reinforced  composite  will  act  as  a  cathode  and 
thus  accelerate  the  corrosion  of  the  aerospace 
metal  coupled  to  it.  Thus,  even  the  newer 
composites,  such  as  carbon/graphite  reinforced 
PolyEtherEtherKetone  (PEEK),  carbon 
Polyimiade  (PI),  or  Bismaleimide  (BMI)  will  act 
to  cause  galvanic  corrosion  when  coupled  to 
metallic  structures. 

It  should  be  emphasized  that  epoxy  matrices  are 
susceptible  to  water  accumulation  and  hence 
degradation.  Epoxies  accumulate  water.  Even  in 
the  absence  of  galvanic  corrosion,  water 
absorption  by  the  epoxy  matrix  can  cause 
composite  strength  loss  as  well  as  act  as  a  source 
of  electrolyte  for  galvanic  corrosion  of  metals  to 
which  it  is  attached.  Therefore,  carbon/ 
graphite-epoxy  composites  that  have  suffered 
matrix  degradation  by  water  can  be  more 
damaging  to  metal  couples,  since  the  galvanic 
effect  is  augmented  by  the  material  carrying  its 
own  corrosive  electrolyte. 

Another  matrix  degradation  phenomenon  occurs 
when  the  cathodic  reaction  results  in  the  reduction 
of  water  and  oxygen,  at  the  carbon/graphite  fiber, 
to  yield  hydroxyl  ions.  The  subsequent  rise  in  pH 
the  carbon/graphite  imides  matrix  interfac  may 
damage  the  imides  matrix  resin  and  reduce  the 
structural  integrity  of  the  composite.  This 
phenomenon  has  been  repeatedly  observed  in 
matrices  of  bismaleimides, 

3.  High  temperature  composite,  such  as 
Polymiade  (PI)  and  Bismaleimide  (BMI)  have 
seen  little  use  to  date  in  U,S.  Navy  aircraft.  Some 
BMI  panels  are  utilized  on  the  AV-8B  aircratft  in 
the  variable  engine  nozzle  areas  which  have 
performed  well. 

Tests  conducted  by  the  NAVAIRWARCEN 
Warminster  (reference  3)  have  shown  that  the 
imide  based  composite  component  in  PI  or  BMI 


cannot  tolerate  hydroxides  (OH^),  which  causes  a 
breakdown  of  PI/BMI  matrix.  If  used,  PI/BMI 
should  be  protected  from  hydroxides,  (Figures 
3/4). 

The  following  facts  need  to  be  emphasized  when 
utilizing  composite  structure: 

Carbon  is  the  most  stble  of  materials  commonly 
used. 

AJl  epoxies  will  absorb  water. 

Fastener  compatibility  is  a  must  when  joining 
carbon  epoxy  composite  to  metal. 

All  metals  joined  to  carbon  epoxy  composite 
becme  anodic. 

Water  absorbed  into  the  composite  matrix  can 
become  a  potential  electrolyte. 

Fasteners  alloys  identified  below  (in  a  wide  range 
of  Ultimate  Tensile  Strength  (UTS)  are 
recommended  (reference  4)  for  use  when  bolting 
composites  to  metal  structures,  to  minimize 
corrosion  problems. 

Titanium  Ti-6AL-4V 

Inconel  718  180  KSI  -  220  KS  UTS 

1240  MPa  -  1515  MPa  UTS 
MP-35N/MP159  260  KSI  UTS 
159  MPa 

(Used  extensively  in  space  shuttle) 

See  Figures  5.,  5.5,  5.6 

4.  The  first  deployment  of  the  F/A-18  aircraft  was 
an  eye  opener.  The  carbon  epoxy  composite 
(FM3 00-3 50 1-6)  performance  was  flawless. 
Damaged  composit  components  were  usually 
repaired  onboard  the  aircraft  carrier  using  the 
NAVAIRSYSCOM  designed  Damage 
Engineering  Disposition  (DED)  program. 

The  area  to  be  repaired  is  described  in  a  naval 
message  using  an  X  to  Y  axis. 
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The  message  is  transmitted  to  the  CFA 
engineering  activity,  where  detailed  repair 
procedures  are  developed  and  sent  to  the 
requesting  activity  by  naval  message. 

Typical  repairs  of  a  damaged  honcomb  component 
range  from  1  X  2  inches  (3  to  6  cm)  to  1 8  X  20 
inches  (45  to  50  cm).  The  technician  will  cut  out 
the  damages  skin  and  honeycomb,  clean  the  area, 
and  in  some  cases  both  top  and  bottom  skins 
required  replacement  (the  bottom  skin  is  replaced 
first  and  cured).  New  skin  can  be  metal,  pre-preg 
or  wet  layup.  The  replacement  homeycomb  is 
bonded  to  the  new  skin,  cured  and  shaved  to  the 
mole  line  of  the  component.  The  top  skin  is  then 
bonded  to  the  component,  trimmed/sanded  as 
required  and  painted  back  to  orignal  paint  scheme. 
423  plus  of  this  type  of  repairs  have  been 
accomplished  by  Navy  and  Marine  technicians 
since  the  F/A-18  has  been  deployed. 

Damage  and  repair  of  monolithic  skins/ 
components  are  flush/lap  bonded  or  bolted, 
depending  on  their  location  on  the  arframe  and  the 
aerodynamic  requirement.  Bolted  repairs  from  4 
inches  to  20  inches  (10  cm  to  50  cm)  have  been 
acomplished  on  monolithic  components  of  AV-8B 
and  F/A-18  using  Ti-6AL-4V  plates  and  fasteners 
(Composi-Lok  II  or  a  nut  plate  with  bolts).  Bolt 
alloys  are  Ti-6AL-4V  for  routine  repairs  for 
lightly  loaded  structures  and  Inconel  718  for  high 
load  carrying  structure/components. 

5.  The  strongest  repair  for  monolithic  structure 
seen  to  date  is  reported  in  reference  (5)  NASA 
proceedings.  This  report  advised  that  an  18-1 
scarf  bonded  repair  provided  the  strongest  repair 
to  a  monolithic  component.  This  test  consisted  of 
a  bolted  bonded  lap  flush  scarf,  which  was 
exposed  to  the  elements  for  10  years  followed  by 
2.5  life  cycles  of  fatigue  testing  followed  by 
destructive  testing.  This  18-1  scarf  strength 
exceeds  all  other  repairs  tested. 


AV-8B  has  no  honeycomb  structure.  All 
monolithic  bonded  and  bolted  repairs  have  been 
accomplished  by  depot  an  military  technicians  to 
the  AV-8B  structure,  with  no  problems  reported 
to  date. 

Overall,  composites  have  performed  very 
satisfactorily  during  nearly  10  years  of  service  by 
naval  aircraft  with  composite  structures. 

6.  Corrosion  of  four  types  have  been  observed  on 
metals/composite  airframes,  steel  fasteners,  and  Al 
components  crevice,  galvani,  pitting,  and  rust. 

We  will  look  at  the  rust  problem  first,  as  the  other 
problems  get  more  complicated. 

Rust  of  fastener  heads  was  reported  shortly  after 
the  F/A-18  aircraft  were  deployed.  Rusty  fastener 
heads  were  visible  through  the  paint  system.  The 
fastener  was  M013-8P1T  forming  a  protective 
oxide  coating.  The  source  of  the  electrolyte  was 
believed  to  be  the  absorbed  water  in  the  matrix  of 
the  composite  skin.  Crevice  corrosion  has  also 
been  seen  on  some  highly  loaded  skins  when  the 
fastener  head  failed.  See  figures  5/6.  Corrective 
action  for  this  problem  consisted  of  replacing  the 
fastener.  Highly  loaded  fasteners  were 
replacement  with  Inconel  718.  Lesser  loaded 
fasteners  were  replaced  with  titanium.  Repairs  ere 
accomplished  during  depot  rework  of  aircraft. 

Since  the  F/A-18  is  a  fly  by  wire  aircraft,  there  is 
concern  bout  Electromagnetic  Interference  (EMI). 
An  extensive  EMI  shielding  effort  was 
incorporated.  History  has  shown  that  most  efforts 
to  make  an  aircraft  EMI  hard  have  failed,  as  the 
materials  selected  for  this  effort  are  good 
electrical  conductors.  They  are  not,  however, 
compatible  with  the  aircraft  constructions 
materials;  and  result  in  the  establishment  of 
galvanic  cells.  Water  from  any  source  will  cause 
corrosion  to  be  initiated.  Once  the  corrosion 
process  starts,  the  EMI  protection  system  slowly 
degrades  until  there  is  no  EMI  protection,  as  you 
cannot  maintain  a  ground  in  a  corrosion  product. 
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When  the  first  F/A-18  was  opened  up  at  rework, 
exposing  the  dorsal  longeron,  rust  galvanic  pitting 
corrosion  was  noted  on  the  dorsal  longeron  and 
attaching  hardare. 

The  original  EMI  protection  system  installation 
consisted  of  the  following:  Longeron  7149-T76A1 
alloy  with  Class  III  chemical  conversion  coating 
and  Sn/Zn  metal  spray  with  a  Ti-6A1-4V  shim 
bonded  to  the  longeron  using  a  silver  (Ag)  filled 
epoxy  adhesive.  A  tin  (Sn)  plated  ferrous  brad 
was  then  bonded  to  the  Ti-6A1-4V  shim.  The 
area  around  this  installation  was  sealed  with 
MIL-S-81733.  The  carbon  epoxy  composite 
cover  panel  had  a  like  A1  shim  bonded  along  the 
panel  edges  that  would  make  contact  with  the 
conducting  brad  when  the  panel  was  fastened  in 
place  with  Ti-6AL-4V  fasteners. 

Electrolyte  was  provided  by  the  presence  of  water 
in  the  composite  matrix  of  the  carbon  epoxy 
longeron  and  cover  panel.  Rain,  sea  spray,  and 
aircraft  washing  all  contributed  to  the  initiation  of 
corrosion  of  this  installation.  This  entire  EMI 
installation  was  removed  at  the  depot.  Corrosion 
was  removed  and  general  cleanup  of  the  dorsal 
longeron  was  accomplished  followed  by 
installation  of  an  updated  EMI  protection  system. 

The  updated  EMI  protection  system  consists  of 

A  Class  III  chemical  conversion  coating  of  the 
longeron 

Followed  by  an  adhesion  promoter  primer 

A  polysulfide  sealant  was  put  down  in  two  strips 
leaving  a  trench  1/4"  -  3/8"  (6.3  -  9.4  mm)  in 
width.  A  silver  filled  fluorocilicon  rubber  EMI 
seal  is  then  bonded  into  the  trench  formed  by  the 
polysulide,  using  a  fluorosilicone  RTV  adhesive. 
(Fluorosilicone  was  chosen  because  it  is  resistant 
to  hydrocarbons.)  The  contact  surface  on  the 
carbon  epoxy  cover  panel  was  retained.  (See 
figures  6/7/8), 


7.  NAVAIRWATCENDWAR  is  developing  a 
conductive  corrosion  inhibiting  sealant,  consisting 
of  polythioether  filled  with  Ni  coated  carbon  fibrs, 
and  is  in  use  on  two  test  aircraft.  All  reports  to 
date  have  been  very  positive.  This  new  product 
will  eliminate  the  need  for  most  EMI  seals  as  we 
know  them  today  by  providing  both  a  conductive 
seal  and  a  corrosion  inhibtor  in  one.  Reference 
(6)  provided  detailed  information  on  this 
conductive  sealant.  See  Figure  6-7. 

Composite  EMI  hard/non-corrosive  electronic 
boxes/connectors. 

Because  of  the  problem  described  above,  an  effort 
to  develop  avionic  packaging  and  connectors  that 
are  independently  EMI  hard  was  initiated  5  to 
years  back.  Today,  we  have  the  packaging  and 
connectors  that  can  operate  in  an  EMI 
environment,  which  will  not  corrode.  This  effort 
used  Polypropylene  Sulfuron  (PPS)  plus  Ni  plated 
carbon  fibers.  PolyEtherEtherKetone  (PEEK)  is 
also  now  being  investigated  for  use  in  high 
temperature  packaging  and  connectors. 

Fabrication  is  via  injection  or  compression 
molding,  which  makes  this  effort  very  economical 
in  the  long  run. 

As  this  program  matures,  the  need  for  using  good 
conducting  cathodic  material  next  to  poor  or 
non-conductor  material  should  not  be  used  to 
provide  EMI  protection  in  today's  high  technology 
aircraft  as  it  will  no  longer  be  required.  See 
Figures  8/9. 

8.  Ten  A1  Li  2090  alloy  panels  have  been 
fabricated  and  installed  on  selected  F/A-18 
aircraft.  To  date,  these  panels  have  performed  as 
well  as  the  original  7075  T73  panels  provided 
with  the  aircraft.  The  results  of  this  service  tour 
length  evaluation  will  determine  whether  more  A1 
Li  panl  s/structures  will  be  used  on  future  Navy 
aircraft.  As  AI  Li  can  provide  as  much  as  1 1% 
weight  reduction,  it  is  being  considered  for 
numerous  aircraft  components/applications. 
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9.  H-60  helicopter  has  experienced  numerous 
corrosion  problems  in  its  early  service  life.  This 
aircraft  was  originally  procured  under  the 

U.S.  Army  Spec  ADS- 13,  which,  at  the  time,  did 
not  address  corrosion  prevention/control;  as 
strongly  as  the  U.S.  Navy  SD-24.  This  aircraft 
was  procured  a  the  U.S.  Army  Blackhawk  attack 
helicopter.  When  the  U.S.  Navy  procured  this 
H-60,  the  Navy  and  contractor  held  several 
meetings  to  work  out  ways  of  improving  the 
corrosion  resistance  of  the  helicopter,  as  the 
U.S.  Navy  plans  to  deploy  H-60  primarily  in  the 
LAMPS  role,  exposing  the  aircraft  to  saltwater 
and  sea  spray  on  a  continuing  basis  when 
deployed.  All  types  of  corrosion  have  been  ^een 
on  Alum  (al),  Ma  (Mg)  and  steel  fasteners/ 
components  have  been  seen  during  a  standard 
operational  cycle.  LAMPS  operational/ 
maintenance  crews  are  aware  of  this  problem. 

Today,  the  corrosion  is  held  to  a  minimum  by  a 
continuous  corrosion  prevention/control  effort  on 
their  part,  ensuring  a  high  state  of  material 
readiness  of  H-60  aircraft.  Composites  used  in 
the  H-60  airframe  are  Kevlar,  fibrglass,  cabron 
and  boron  epoxies.  To  date,  there  have  been  no 
major  problems  reported  with  the  composite 
structure.  Some  minor  repairs  have  been 
accomplished  at  sea  by  LAMPS  maintenance 
crews.  As  a  back-up,  the  H-60  has  a  program 
similar  to  the  F/A-18  DED  program  that  provides 
engineering  guidance  to  LAMPS  crews  when 
needed.  This  would  cover  areas  not  addressed  in 
the  aircraft  Structural  Repair  Manual  (SMR),  i.e., 
repair  that  would  normally  be  considered  depot, 
requiring  an  engineering  disposition. 

See  Figures  8,  9,  10. 

10.  MH-53E  aircraft  is  a  state-of-the-art 
helicopter;  however,  we  have  seen  some  corrosion 
on  the  sponson  fitting.  The  sponson  fuel  tanks  are 
constructed  from  carbon  epoxy  composite;  the 
aircraft  skin  and  support  fittings  are  fabricated 
from  7075-T3.  Attaching  bolts  are  not 
compatible.  This  combination  of  material  and 


insufficient  corrosion  inhibiting  sealant  in  an 
electrolyte  result  in  pitting  corrosion,  requiring 
replacement  of  the  support  fitting  in  several 
aircraft. 

Two  major  sources  of  the  electrolyte  were 
identified  as  ater  in  the  carbon  epoxy  composite 
matrix  and  cold  fuel  being  pumped  into  aircraft 
during  hot  weather,  resulting  in  condensation 
forming  on  metal  components.  Corrective  action 
for  this  problem  was  initiated  by  the  CFA.  During 
replacement  of  the  support  fitting,  additional 
corrosion  inhibiting  sealant,  MIL-S-81733 
polysulfide,  was  applied  to  both  sides  of  the  new 
fitting  and  faying  surfaces  of  aircraft  skins. 

See  Figure  11. 

This  effort  may  not  stop  all  corrosion  of  the 
fitting;  however,  it  should  reduce  the  corrosion. 
We  expect  to  see  some  corrosion  around  the 
attaching  bolt  holes,  as  the  fastener  will  continue 
to  be  an  electrical  transmission  path  between  the 
cabon  epoxy  composite  and  the  Al  sponson  fuel 
tank  support. 

Ref  (1)  AGARD-AG-278  Corrosion  Handbook 
Vol  (1) 

(2)  Dr.  J.  J.  Deluccia,  G.  T.  Browne 
Tri-Service  PC  1991  Present  and  Future  Aircraft 
Materials  and  Processes  for  Corrosion  Prevention 
and  Control 

(3)  AGARD  Report  785  R.  C.  Cochran 
T.  M.  Donnellan  R.  E.  Trabocco  Naval  Air 
Warfare  Center  Aircaft  Div  Warminster  PA 

(4)  NASA  Welding  Bonding  Fastening 
NASA  CP2387  dated  1984 

(5)  Eighth  DOD/NASA/FAA  Conference  of 
Fibrous  Composites  in  Structural  Design  (NASA 
Conf  Pub  3087  Part  2)  ated  Nov  28-30  1989 

(6)  J.  T.  Thompson,  Wendy  W.  Lin  Air 
Vehicle  &  Crew  System  Technology  Dept. 
NAVAIRWARCENNADWARPA  Report  Nr 
NADC8021-60 

(7)  G.  T.  Browne  AGARD  Report  N0733 
Workshop  on  Avionic  Corrosion  Control  Oslo 
Norway  1986 
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?????  PROBLEM  ????? 

1.  LACK  OF  COMMUNICATION  BETWEEN 
ENGINEERING  DISCIPLINES? 

2.  DO  YOU  KNOW  HOW  THE  SELECTED 
MATERIAL  WILL  ACT  WHEN  EXPOSED 
TO  THE  OPERATING  ENVIRONMENT 
WHERE  THE  MATERIAL  IS  USED? 

a.  AS  IS? 

b.  MECHANICALLY  ATTACHED  TO 
ANOTHER  MATERIAL? 

c.  BONDED  TO  ANOTHER  MATERIAL? 

d.  IS  THE  BONDING  ADHESIVE 
HYGROSCOPIC? 

3.  WHERE  DO  THE  JOINED  MATERIALS 
STAND  IN  THE  GALVANIC  SERIES? 

a.  HAVE  YOU  CONSTRUCTED  A 
POTENTIAL  BATTERY? 

4.  WHAT  WILL  BE  THE  RESULT  OF 
CORROSION  IN  THE  STRUCTURE 
WHEN  EXPOSED  TO  CYCLIC 
LOADING? 
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Main  Gearl 
Result 
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•  SH-60F  LH  Avionics  Access  Door  Gasket  Corrosion 

Typical  of  Corrosion  Seen  Under  Other  EMI  Conductive  Gaskets 


23-1 


CORROSION  IN  SERVICE 
EXPERIENCE  WITH  AIRCRAFT 
IN  FRANCE 


MJ.  FRUSTIE 
AEROSPATIALE 
Service  Materiaux  et  Precedes 
Division  Avion  s 


1  -  RESUME 

Le  but  de  cette  communication  est  de 
presenter  a  partir  d’une  comparaison 
des  corrosions  observes  sur  avions 
modernes  (Airtbus,  ATR)  et  des 
corrosions  sur  avions  plus  anciens 
(Transall,  Caravelle)  les  progres 
realises  dans  la  maitrise  de  la 
corrosion,  grace  a  1’ adoption  de 
materiaux  et  de  protection  plus 
performantes. 

Pour  bien  apprehender  I’avenir,  il  faut 
aujourd’hui  que  la  technique  s’adapte 
aux  contraintes  dues  aux  nouvelles 
dispositions  legislatives  concernant 
I’environnement  qui  amenent  a 
rechercher  de  nouveaux  materiaux  et 
sy Sterne  de  protection. 

2-LE  CONTEXTS 

La  corrosion  est  toujours  un  souci 
majeur  des  constructeurs  d’avions 
civils  ou  militaires. 

D'une  part  elle  peut  diminuer 
considerablement  la  durabilite  des 
appareils  ou  parfois  meme  affecter  la 
securite,  d'ou  une  grande  sensibilite 
des  clients  dans  ce  domaine. 

D'autre  part,  la  tenue  a  la  corrosion  est 
difficile  a  apprehender  car  : 

la  prevision  est  difficile,  le  remede 
consiste  a  prevenir  par  des 


Mr.  P.  GAUTHIER 
DCAe/CTMS 

23,  Avenue  Henri  Gillaumet 
31056  TOULOUSE  Cedex 
FRANCE 


les  eventuelles  inadaptations  des 
protections  anti-corrosion  ne  sont 
revelees  qu’apres  plusieurs  annees 
d ’exploitation, 

la  duree  de  vie  d’un  avion  est  de 
plus  en  plus  longue, 

20  ans  en  1960 

30  ans  et  plus  pour  les  avions 
developpes  plus  recemment, 

les  traitements  de  surface  et 
produits  anti-corrosion  utilises  a  ce 
jour  sont  amends  a  disparaitre  suite 
a  la  mise  en  place  de  legislations 
environnementales. 

Le  but  de  cette  communication  est  de 
presenter  la  fa^on  dont  nous  avons 
progresse  dans  la  maitrise  de  la 
corrosion,  les  resultats  acquis  et  les 
orientations  nouvelles. 


3 -  ACTIONS  ENGAGEES  VERS 
LA  MAITRISE  DE  LA 
CORROSION 

Pour  progresser  dans  la  maitrise  de  la 
corrosion,  nous  avons  mis  en  place  il 
y  a  une  douzaine  d’ annees  une  serie  de 
mesures  visant  a  : 

prendre  en  compte,  des  la 
conception,  les  risques  de 
corrosion. 


protections  adequates. 

Les  solutions  aux  problemes  de 
corrosion  sont  a  adapter  a  chaque 
nouvel  appareil  qui  presentent  des 
nouveautes  de  conception. 


ameliorer  nos  traitements  de 
surface  et  nos  produits  anti¬ 
corrosion, 

renforcer  les  dispositions  et 
notamment  prendre  en  compte  les 
recommandations  lATA  GEN2637 


Paper  presented  at  the  79th  Meeting  of  the  AGARD  Structures  and  Materials  Panel  on  “Corrosion  Detection  and 
Management  of  Advanced  Airframe  Materials"  held  in  Seville,  Spain,  5-6  October  1994. 


4  -  ANALYSE 


animer  des  seances  de 
sensibilisation  aupres  de  nos 
personnels  de  production  et  de  nos 
sous-traitants, 

Tout  recemment,  nous  avons  lance 
avec  le  support  du  STPA/CTMS  une 
vaste  etude  qui  nous  a  permis  de  faire 
le  point  de  la  situation,  verifier 
I’efficacite  de  ce  plan  d’actions  et 
mettre  en  exergue  les  points  sur 
lesquels  devaient  encore  porter  nos 
efforts. 

La  demarche  adoptee  a  consiste  a 

dresser  un  inventaire  de  tous  les 
cas  de  corrosion*  observes  en 
service  et  connus  de  T  Aerospatiale 
sur  les  avions  modernes  tels  que 
A3 10,  A300-600,  A320  et  ATR, 

-  etudier  tous  ces  cas  de  corrosion 
en  detail,  chaque  cas  de  corrosion* 
faisant  I’objet  d’un  dossier 
precisant  la  zone  affectee,  le 
nombre  d’appareils  concernes,  le 
delai  d’apparition  de  la  corrosion, 
les  materiaux  et  protections  en 
presence,  I’origine  de  la  corrosion, 
les  modifications  apportees, 
I’efficacite  des  remedes  apportes 
apres  quelques  annees  en  service, 

identifier  les  zones  les  plus 
sensibles  a  la  corrosion, 

analyser  revolution  des  types  de 
corrosion  constatee, 

conclure  sur  les  ameliorations 
apportees  sur  les  avions 
modernes. 


Une  comparaison  des  corrosions 
observees  sur  nos  avions  modernes 
avec  celles  constatees  traditionnel- 
lement  par  exemple  sur  Transall, 
Caravelle  nous  ont  permis  de  tirer  un 
certain  nombre  de  conclusions. 


4.1  Les  zones  concernees  par  la 
corrosion  se  trouvent  toujours 
preferentiellement  dans  les  parties 
basses  du  fuselage,  au  niveau  des 
portes  et  au  voisinage  des  toilettes 
et  galleys 

Ces  corrosions  sont  dues  a  la 
presence  d’eau,  de  fluides 
hydrauliques,  liquides  de 
nettoyage  etc  ...  qui  se  repandent 
et  stagnent. 

Par  contre,  dans  les  zones  carburant,  les 
problemes  de  corrosion  ont  disparu.  Le 
seul  cas  rencontre  se  situe  au  niveau  des 
portes  trou  d’homme  de  voilure  doivent 
etre  metallisees  et  ne  peuvent  done 
recevoir  la  protection  standard  OAC  + 
primaire  anti-corrosion  et  montage  au 
mastic  lors  de  Tassemblage. 

4.2  Parmi  les  corrosions  observees  sur  nos 
avions  modernes,  les  cas  de  corrosion 
les  plus  frequents  sont  d’origine 
galvanique  ou  intergranulaire  (voir 
planchel  )  et  on  pebt  constater  qu’un 
certain  nombre  de  types  de  corrosion 
traditionnels  n’existe  plus  sur  les  avions 
nouvelle  generation  grace  aux 
ameliorations  apportees. 

(Voir  tableau  suivant). 


On  parle  de  cas  de  corrosion  lorsqu’il  y  a  apparition  d’un  mcme  type  de  corrosion  dans  une  mcme  zone  sur 
differents  apparcils. 


Types  de  corrosion 
observes  sur  avion 
ancienne  generation 

Constat  sur  nos  avions 
modernes 

Observations 

Corrosion  par  piqure 

Nombre  de  cas  en 
regression  mais 
probleme  encore  present 

La  regression  est  due  a  : 

-  la  gdneralisation  de  I'OAC 

-  I'adoption  de  primaires  peinture  plus 
performant 

-  la  presence  de  mastic  d'etancheite 

Corrosion  intergranulaire 
(d’origine  non  galvanique) 

Probleme  encore  present 
en  presence  du  2024  tole 
epaisse 

Le  remplacement  par  du  7175  T735 1 
pennet  de  remedier  a  ce  probleme 

Corrosion  par  confinement 

Probleme  maitrise 

Maitrise  grace  aux  directives  donnees 
pour  concevoir  le  drainage  et 

I’installation  des  matelas  d ’isolation 
thermique  et  grace  aux  protections  anti¬ 
corrosion 

Corrosion  filiforme 

Probleme  maitrise 

-  se  manifestait  essentiellement  en 
surfaces  exterieures, 

-  maitrise  depuis  I’adoption  de  I’OAC  a 
I’exterieur  et  de  gamme  de  peinture 
resistant  a  la  corrosion  filiforme 

Corrosion  microbienne 

Probleme  maitrise 

Maitrise  grace  a  I’adoption  en  milieu 
reservoir  d’OAC  et  primaire  anti¬ 
corrosion 

Corrosion  sous-contrainte 

Probleme  maitrise 

Maitrise  par  I’utilisation  de  materiaux 
plus  performants  et  une  meilleure 
connaissance  de  ceux-ci. 

Fretting  corrosion 

Probleme  encore  present 
localement 

Des  ameliorations  sont  a  I’etude 

Corrosion  galvanique 

Toujours  present 

Encore  tres  present  notamment  dans  le 
cas  de  structures  demontables  ou  de 
metallisation  car  dans  ces  cas  on  ne  pent 
utiliser  de  mastic  intercalaire  pour  isoler 
et  eviter  le  phenomene  de  pile 
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4.3  Les  corrosions  galvaniques  observees 
proviennent  le  plus  souvent  de  couplage 
inox/aluminium  mais  plus  recemment  on 
commence  a  trouver  des  cas  de  corrosion 
carbone/aluminium  (voir  planche  Z). 

4.4  L’ensemble  des  modifications  apportees 
en  service  et  en  production  visant  a 
corriger  les  problemes  de  corrosion  par 
changements  de  materiaux  et/ou  de 
protection,  renforcement  de  I’etancheite 
et  parfois  modification  de  conception, 
s’est  avere  apres  quelques  annees 
d ’exploitation  efficace  dans  tous  les  cas. 

4.5  Conclusions  : 

L’etude  realisee  montre  que  Ton  maitrise 
de  mieux  en  mieux  les  phenomenes  de 
corrosion  et  que  le  plan  d’action  mis  en 
place  a  ete  efficace  :  certaines  corrosions 
telles  que  les  corrosions  microbiennes  et 
filiformes  qui  ont  beaucoup  sevi  dans  le 
passe  ont  maintenant  disparu. 

5  -  ORIENTATION  NOUVELLES 

Pour  bien  apprehender  I’avenir,  il  faut 
aujourd’hui  que  la  technique  s’adapte 
aux  contraintes  dues  aux  nouvelles 
dispositions  legislatives  concernant 
I’environnement. 

Bon  nombre  de  traitements  de  surface  et 
de  produits  anti-corrosion  ne  pourront 
plus  etre  utilises  soit  parce  qu’ils  mettent 
la  sante  des  operateurs  en  jeu  lors  de  leur 
mise  en  oeuvre  soit  qu’ils  peuvent  etre 
source  de  degradation  de  I’atmosphere. 


Nombreuses  sont  les  directives  prises  par  les 
gouvernements  concernant  les  substances 
polluantes.  L’une  des  plus  severes  est  sans 
nul  doute  I’amendement  sur  la  proprete  de 
Pair  (Clean  Air  Act)  promulguee  en  90  aux 
USA.  Cette  loi  qui  concernait  au  depart  les 
CFC  a  porte  de  8  a  189  le  nombre  de 
substances  polluantes  devant  etre  reglemente 
(reglement  NESHAP  :  National  Emission 
Standard  For  Hazardous  Air  Polluant). 

Ce  reglement  applicable  d’ici  fin  98  vise  a 
interdire,  en  particulier  ;  le 
methylethylcetone,  chlorure  de  methylene, 
I’hexane,  le  toluene,  les  composes 
chromiques  etc  ...  ce  qui  va  nous  conduire  a 
remplacer  toutes  nos  peintures,  tous  nos 
mastics,  tous  nos  decapants,  tous  nos 
revetements  speciaux,  nos  traitements  de 
surface  :  OAC,  chromatation.  Nickelage, 
Chromage,  ou  bien  a  repenser  entierement 
notre  systeme  anti-corrosion. 

D’ou  2  voies  de  recherche  menees  en 
parallele  : 

]dre  vote  :  Recherche  de  produits  de 
remplacement : 

Le  travail  s’avere  difficile,  long  et  couteux. 
En  effet,  ce  travail  va  non  seulement  entrainer 
de  nouvelles  qualifications  mais  va  egalement 
demander  la  modification  des  precedes  de 
mise  en  oeuvre  et  des  moyens  industriels 
ainsi  que  la  mise  en  place  d’equipements  de 
controle  de  la  pollution. 

De  plus,  les  produits  de  remplacement,  pour 
nos  applications,  n ’existent  pas  toujours  sur 
le  marche  et  quand  ils  existent,  ils  ont  des 
performances  inferieures  aux  produits 
actuellement  utilises,  ce  qui  va  a  I’encontre  de 
notre  souci  permanent  d’ameliorer  la  tenue  a 
la  corrosion  de  nos  structures. 
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2eme  voie  :  Renenser  notre  svsteme 
anti-corrosion  : 

Par  adoption  de  materiau  alliage 
d’aluminium  plus  performant  a  la 
corrosion  que  les  alliages 
conventionnels  2024  et  7075,  et  qui 
n’auraient  pas  besoin  de  revetement 
anti-corrosion. 

Nous  avons  engage  des  travaux  dans 
ce  sens  d’une  part  avec  Rhenalu, 
d’ autre  part  avec  Alcoa. 

Les  premiers  resultats  de  laboratoire 
sont  encourageants  mais  beaucoup  de 
travail  reste  a  realiser  avant  de  passer 
au  stade  industriel. 


5  -  CONCLUSIONS 

Pour  mener  a  bien  ces  travaux  de 
recherche,  conciliant  contraintes 
environnementales  et  tenue  a  la 
corrosion,  et  adopter  dans  les  meilleurs 
delais  des  dispositions  acceptables 
Aerospatiale  a  mis  en  place  des 
dispositions  nouvelles. 

-  travail  en  equipe  composee  de 
specialistes  bureau  d’etudes/ 
production/toxicologues  et  jiiristes, 

-  hierarchisation  des  priorites 

-  cooperation  nombreuses 
aeronautiques  et  hors  aeronautiques. 


TVPEDE  CORROSION  CAS  TRES  ANCIENS-SOLDES  SUR  AIRBUS  ACTUELS 
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SUMMARY 

Because  of  projected  reductions  in  future  defense 
budgets,  less  money  will  be  available  for  new 
aircraft  acquisitions.  Consequently,  many  of  the 
current  aircraft  will  have  to  be  maintained  well 
into  the  twenty-first  century.  As  they  continue  to 
age,  the  time-dependent  effects  of  material 
degradation,  due  to  corrosion,  will  become  more 
significant.  Having  to  maintain  aircraft  three  to 
four  times  their  original  design  life  presents  a 
unique  new  set  of  complex  technical  problems 
and  challenges.  The  primary  concern  is  the 
reduction  of  airfr^e  fatigue  life  and  static 
strength  due  to  widespread  corrosion  damage, 
fatigue,  embrittlement,  material  loss  due  to 
corrosion,  intergranular  corrosion  attack,  fretting 
and  stress  concentrations. 

In  an  effort  to  ensure  continued  airworthiness  and 
flight  safety,  an  aggressive  progr^  plan  has  been 
developed  and  implemented  at  Tinker  AFB  to  try 
to  solve  the  corrosion  problems  and  fatigue 
related  problems  to  prevent  the  oecurrence  of 
catastrophic  structural  failures.  The  program 
consists  of  (a)  invasive  disassembly  of  a  complete 
C/KC-135  and  sections  of  B-52  and  Boeing  /OV 
aircraft,  (b)  corrosion  documentation/information 
system  development,  (c)  analysis  and  testing  the 
effects  of  corrosion  on  structural  integrity,  as  well 
as  corrosion  growth  rates,  (d)  corrosion  modeling 
and  development  of  C/KC-135  service  life 
extension  strategies,  (e)  and  comprehensive 
evaluation  of  nondestructive  inspection/testing 
(NDI/NDT)  equipment  fqr  hidden  corrosion 
detection  and  quantification.  This  program  has 
been  extensively  coordinated  with  USAF  Wright 
Labs,  AFOSR,  Naval  Air  Warfare  Center,  FAA 
Aging  Aircraft  Center,  NASA  Langley,  industry 
and  academia. 

INTRODUCTION 

As  a  result  of  decreasing  future  defense  budgets, 
procurement  of  a  limited  number  of  replacement 
aircraft  is  projected  for  the  U  S  Air  Force. 
Limiting  the  number  of  aircraft  acquisitions  is, 
therefore,  a  de  facto  decision  to  extend  the  life  of 
existing  aircrafL  assuming  constant  mission 
requirements.  Current  phase-out  projections  of 
many  USAF  aircraft  reveal  life  spans  of 


unprecedented  length.  Some  will  be  in  the  60-  to 
80-year-old  range.  Out  to  year  2010,  most  C/KC- 
135s,  B-52s,  C-5As  C-141s,  older  C-130s,  T-37s, 
and  T-38s  will  still  be  in  service.  The  average 
age  of  all  of  these  aircraft  will  be  between  40  and 
50  years  old. 

The  reality  of  trying  to  maintain  aircraft 
airworthiness  over  an  unprecedented  60-  to  80- 
year  life  span  presents  a  whole  new  set  of 
technical  problems/issues  that  the  original  design 
did  not  have  to  meet.  It  carmot  be  treated  as 
business  as  usual,  and  is  neither  cost,  nor  risk 
free.  Future  operational  readiness,  availability, 
and  flight  safety  are  at  risk.  These  aircraft  were 
designed  for  a  finite  life  span  of  approximately  20 
to  30  years,  and  corrosion-induced  material 
degradation  was  not  considered.  Original  aircraft 
life  spans  assumed  preventative  maintenance  up 
to,  and  including,  depot  level  maintenance.  The 
original  manufacturers  caution  that  to  maintain 
structural  airworthiness  for  three  to  four  times 
original  design  life,  some  type  of  major  structural 
modifications  or  life  extension  update  would  be 
required. 

Because  of  a  lack  of  data  related  to  aging  aircraft 
corrosion,  and  in  an  effort  to  answer  questions 
concerning  C/KC-135  structural  life,  as  well  as 
trying  to  determine  the  structural  modifications 
and  refurbishment  required  to  ensure 
airworthiness  out  to  2040,  an  extensive  and 
comprehensive  program  was  plarmed  and 
irnpfemented.  This  OC-ALC  Aging  Aircraft 
Disassembly  and  Hidden  Corrosion  Detection 
Program  (OC-ALC  Aging  Aircraft  Corrosion 
Program,  short  title)  was  started  in  FY92. 

Because  no  other  USAF  aging  aircraft  corrosion 
efforts  existed,  but  extensive  efforts  did  exist 
concerning  wide  spread  fatigue  damage  and 
multi-site  damage  (MSD),  it  was  recognized  that 
many  areas  of  corrosion  investigation  and 
evaluation  would  have  to  be  conducted.  These 
efforts  were  driven  by  necessity  and  the  cognitive 
identification  of  potential  structural  integrity 
problems  and  proactive  drive  to  solve  them  before 
aircraft  were  lost  due  to  catastrophic  structural 
failures. 

The  program  plan  consists  of:  (1)  evaluation, 
identification  and  development  of  nondestructive 
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inspection  /testing  (NDI)  (NDT)  equipment  to 
detect  and  quantify  hidden  corrosion,  (2)  invasive 
disassembly  of  C/KC-135  aircraft  to  determine 
and  map  the  location  and  severity  of  hidden  and 
inaccessible  corrosion,  (3)  testing  and  analysis  to 
determine  the  effects  of  corrosion  and  fatigue  on 
aircraft  structural  integrity,  (4)  determination  of 
corrosion  growth  rates,  (5)  development  of 
empirical  corrosion  prediction  models,  (6) 
develimment  of  a  computer  data  base  to  document 
aircraft  corrosion  and  maintenance  history  (7) 
development  of  modifications  and  maintenance 
actions  to  ensure  C/KC-135  airworthiness  to  2040 
along  with  cost  benefit  analyses.  This  paper 
includes  a  discussion  of  all  areas  of  the  OC-ALC 
Corrosion  Program  and  some  of  the  test  data 
already  collected. 


C/KC-135  AIRCRAFT 


One  of  the  most  critical  aircraft  in  the  USAF 
fleet,  in  terms  of  aging  aircraft  corrosion,  is  the 
fleet  of  C/KC-135  air  refueling  tankers  and 
special  purpose  aircraft.  There  are  approximately 
6C)0  C/KC-135  aircraft  of  32  different  types 
operating  around  the  world.  As  of  1994,  the 
average  age  was  approximately  34  years,  with 
some  39-year-old  aircraft  still  operating  as  shown 
in  Figure  1.  C/KC-135  aircraft  are  projected  to  be 
in  service  until  2040.  In  fact^  calculations  using  a 
predicted  minimum  fatigue  life  of  43,200  flight 
hours  for  the  upper  wing  skin  md  fuselage  skin 
and  based  on  current  annual  flight  hours,  reveal  a 
notional  service  life  of  over  80  years.  However, 
these  numbers  taken  alone  are  misleading  or 
unconservative  as  they  do  not  include  the  material 
strength  degradation  effects  of  corrosion.  It  is 
predicted  that  corrosion  induced  material  strength 
degradation  and  the  combined  effects  of  corrosion 
and  fatigue  will  limit  structural  life  to  less  than 
2040. 


Because  of  the  unique  fuselage  construction 
(spot- welded  Im  joints  and  spot- welded 
doublers),  the  C/KC-135  fuselage  is  probably 
more  susceptible  to  hidden  crevice  type  corrosion 
than  any  otner  USAF  aircraft.  Two  layers  of  bare 
aluminum  were  joined  together  without  primer  or 
sealant  protection.  Only  a  slight  amount  of 
moisture  can  create  the  corrosion  galvanic  couple. 
A  portion  of  the  fuselage  surface  area  contains 
spot- welds.  Figures  2  and  3  show  a  typical 
riveted  lap  joint  with  associated  corrosion. 

MA.TOR  PROGRAM  RTRMRNTS 


1 .  Evaluation/Identification  of  Non-Destructive 
Inspection  Equipment  (NDI) 

Because  of  the  C/KC-135  spot  welded  fuselage 
lap  joint  and  doubler  construction,  some  effective 
means  of  detecting  hidden  corrosion  is  urgently 
needed.  Non-destructive  evaluation/inspection 
efforts  within  the  FAA  Aging  Aircraft  program, 
NASA  and  the  Materials  Directorate  of  Wright 


Labs  was  investigated,  but  none  of  these  vyere 
directly  applicable.  Therefore,  a  systematic  trade¬ 
off  study  was  implemented  to  review  off-the-shelf 
NDI  equipment  to  determine  applicability  and 
capabifity  to  effectively  detect  and  accurately 
quantify  hidden  corrosion.  The  scope  was 
narrowed  initially  to  include  the  two  most 
important  problems  on  the  C/KC-135,  E-3  and  B- 
52^  corrosion  between  layers  of  fuselage  lap  joint 
skins  and  corrosion  around  and  adjacent  to  wing 
skin  fasteners.  Figure  4  depicts  the  type  of 
corrosion  encountered  around  wing  skin 
fasteners. 

In  conjunction  with  the  complete  invasive 
disassembly  of  the  first  C/KC-135  aircraft  retired, 
the  unique  opportunity  was  seized  to  prove  or 
disprove  the  effectiveness  of  NDI  equipment  in 
detecting  hidden  corrosion  by  comparing  NDI 
equipment  inspection  results  with  the  actual 
corrosion  found  when  the  aircraft  structure  was 
disassembled.  Coupons  or  specimens  were  cut 
from  the  disassemhled  aircraft  and  used  for  the 
NDI  equipment  evaluations. 

Scope 

The  effort  to  identify  and  evaluate  off-the-shelf 
NDI  equipment  that  required  little  or  no 
modification  included  the  following  tasks:  (Task 
1)  Conduct  a  survey  of  available  off-the-shelf 
NDI  equipment  capable  of  detecting  hidden 
corrosion,  (Task  2)  Determine  desired  NDI 
equipment  characteristics,  determine  trade-offs, 
and  develop  criteria  for  evaluating  the  ability 
of  NDI  equipment  to  detect  hidden  corrosion, 
(Task  3)  Identify  and  compare  NDI  equipment 
candidates  suitable  for  test  and  evaluation,  (Task 
4)  Evaluate  off-the-shelf  NDI  equipment  at  two 
demonstrations  (the  first  demonstration,  evaluate 
the  capability  of  the  equipment  to  detect  hidden 
corrosion  on  representative  aircraft  coupons  test 
samples  taken  from  retired  Air  Force  aircraft  and 
in  the  second  demonstration,  evaluate  the 
capability  of  equipment  that  performed  well  in 
the  first  demonstration  to  inspect  an  actual  aircraft 
containing  hidden  corrosion),  (Task  5)  Analyze 
demonstration  results,  identify  the  highest  rated 
NDI  equipment  and  make  recommendations. 

First  Demonstration  (Laboratory  Coupons) 

The  objective  of  the  first  demonstration  was  to 
evaluate  the  cmability  of  off-the-shelf  NDI 
equipment  to  detect  hidden  corrosion  in  fuselage 
lap  joints  and  in  wing  skin  adjacent  to  and  under 
wing  fasteners.  Twenty  vendors  participated  in 
the  demonstration,  which  was  conducted  by 
ARINC  Research  Corp  from  29  Jun  through  24 
Jul  92  at  the  Metro-Tech  Aviation  Career  Center 
in  Oklahoma  City  OK.  Three  primary  Scoring 
parameters  were  identified:  Corrosion  detection, 
false  calls,  and  scan  rates. 


The  demonstrated  equipment  represented  six 
types  of  technologies:  eddy  current,  ultrasonic, 
thermal  imaging,  shearography^  acoustic 
emission,  and  enhanced  visual  inspection. 
Depending  on  the  capability  of  their  equipment, 
vendors  injected  samples  of  aircraft  structures 
(coupons)  hom  lap  joints  of  C/KC-135  aircraft  or 
coupons  from  wing  skin  of  B-707  aircraft 
(representative  of  E-3  AWACS)  and  from  B-52 
aircraft.  Equipment  that  rapidly  inspects  large 
areas  (large-area  rapid  scan  equipment  inspected 
an  intact  lap  joint  on  a  retired  Boeing  727  aircraft. 

Vendors  injected  the  coupons  and  marked  their 
estimates  of  the  location  and  extent  of  corrosion 
on  a  Mylar  sheet.  The  vendors  that  inspected  the 
B-727  lap  joint  marked  their  results  on  the 
aircraft,  using  erasable  marking  pencils.  The 
marks  were  ^otographed  and  videotaped,  then 
erased  before  the  next  inspection.  After  the 
inspections,  the  coupons  were  invasively 
disassembled  by  Boeing  Wichita  to  determine 
actual  hidden  corrosion,  but  the  B-727  was  not 
disassembled. 

Results 

In  terms  of  the  most  important  scoring  parameter, 
corrosion  detection,  only  four  vendors  did  well 
(Figure  5).  These  vendors  were  invited  back  for 
the  second  demonstration.  The  low  percentage  of 
accurate  identifications  of  corrosion  for  all 
inspecting  the  wing  skin  coupons  rendered  the 
results  or  the  wing  skin  coupon  inspections 
inconclusive  (Figure  6).  Only  two  of  the  five 
vendors  that  inspected  the  B-727  lap  joints  were 
able  to  detect  corrosion  in  the  lap  joints'  the  other 
three  were  unable  to  successfully  complete  the 
demonstration. 

Second  Demonstration  ( On-Aircraft) 

The  demonstration  was  conducted  by  ARJNC 
Research  Corp,  10-26  May  94,  at  Tinker  AFB  OK 
and  objectives  were  as  follows:  (1)  Determine 
the  capability  of  NDI  equipment  to  detect  hidden 
corrosion  in  fusel^e  lap  joints  of  C/KC-135  and 
E-3A  aircraft,  (2)  Determine  the  capability  of 
NDI  equipment  to  detect  hidden  corrosion  in 
wing  skin  adjacent  to  and  under  wing  fasteners  of 
C/I&-135,  E-3A,  and  B-52  aircraft,  (3)  Evaluate 
the  human  factors  associated  with  using  the  NDI 
equipment. 

Eight  of  the  invited  vendors  participated, 
demonstrating  equipment  representing  four  types 
of  technologies:  eddy  current,  ultrasonic,  thermal 
imaging,  and  enhanced  visual  inspection.  They 
inspected  lap  joints  and  wing  skin  fasteners  on 
actual  aircraft  undergoing  depot  overhaul.  The 
procedure  for  recorcnng  results  was  similar  to  that 
used  in  the  first  demonstration,  with  the  addition 
of  a  final  step.  Results  were  recorded  on  an 
ARINC  developed  computer  representation  of  the 
inspection  area,  allowing  for  fully  computerized 


scoring.  After  the  inspections,  two  lap  joint 
inspection  areas  and  one  wing  skin  fastener 
inspection  area  was  cut  from  the  C/KC-135  and 
subjected  to  invasive  disassembly.  The  results 
were  scored  in  terms  of  the  most  important 
scoring  parameter,  corrosion  detection.  Corrosion 
detection  encompasses  the  accuracy  and 
sensitivity  of  corrosion  detection  and  was  scored 
on  the  basis  of  hidden  corrosion  actually  detected. 

Inspection  Results 

The  chart  in  Figure  7,  represents  the  comparison 
of  the  vendor  corrosion  detection  results  for  the 
on-aircraft  demonstration  on  Baseline  Lap  Joint 
Sample  #1  to  the  actual  corrosion  found  m  the 
sample.  The  “Aetual”  strip  was  produced  by  the 
Topographic  Radiscopy  corrosion  mapping 
technique  developed  by  the  Materials  iJirectorate 
at  Wright  Laboratories. 

The  output  from  the  computerized  data 
comparison  is  the  bar  charts  in  Figure  8  which 
show  the  detection  and  false  call  results  for 
Baseline  Lap  Joint  Sample  #1 .  The  optimum 
result  would  be  100%  detection  rate  and  0%  false 
call  percentage.  While  the  lap  joint  results  were 
encouraging  and  lead  to  recommendations  for 
system  prototyping,  wing  skin  results  were  again 
discouraging,  and  no  systems  were  recommended. 
The  systems  recommended  for  lap  joint 
inspection  and  purchased  for  prototyping  were 
two  duel  frequency  eddy  current  systems,  one 
with  C-SCAN  display  and  one  impedance  plane 
display.  An  enhanced  visual  imaging  system  was 
also  purchased.  These  three  systems  and 
associated  inspection  procedures  are  currently 
undergoing  corrosion  detection  reliability  testing 
and  Air  Force  verification  testing.  This 
equipment  will  be  used  on  the  depot  maintenance 
line  starting  in  early  1995. 

Future 

Implementation  of  the  long-term  phase  of  the 
NDI  project  has  begun.  This  phase  will  evaluate 
NDI  technologies  and  techniques  that  are  newly 
developed  or  advanced  since  the  evaluation  of 
“off-the-shelf’  equipment  and  may  provide 
significant  improvement  in  detection  of  corrosion. 
A  series  of  these  evaluations  are  planned  in  order 
to  continually  capture  NDI  improvements  that 
may  be  in  various  stages  of  development.  The 
first  evaluation  is  scheduled  for  mid  1995. 

2.  Aircraft  Disassembly  and  Corrosion 
Documentation/Mapping 

In  an  effort  to  determine  if  there  is 
hidden/inaccessible  corrosion  on  the  C/KC-135 
aircraft  that  is  not  detected  and,  therefore,  not 
fixed  or  treated  during  depot  maintenance,  it  was 
decided  to  completely  cut  up  and  disassemble  a 
whole  aircraft.  Coincidentally,  the  first  C/KC- 
135  retired  was  the  aircraft  offered  for 
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disassembly.  It  was  an  EC- 1 3  5H  (S/N  6 1  -  candidates.  A  few  of  the  additional  and/or 

10291),  had  spent  most  of  its  life  at  Mildenhall  increased  inspections  and  repairs  added  to  the 

AB  England  and  had  a  history  of  corrosion  Programmed  Depot  Maintenance  (PDM) 

problems.  The  objectives  were:  (1)  Map  and  Statement  of  Work  (SOWB  are:  cockpit  window 

document  the  location  and  severity  of  corrosion  frame  corrosion,  expanded  wing  skin  corrosion 

and/or  fatigue  cracks,  (2)  Use  specimens  in  the  inspections,  radome  bulkhead  corrosion  and 

evaluation  of  non-destructive  inspection  corrosion  between  fuselage  skin  and  steel 

equipment  to  detect  the  hidden  corrosion,  (3)  Use  doublers  below  pilot’s  side  windows.  Some  areas 
these  naturally  corroded  specimens  for  of  serious  hidden/inaccessible  severe  corrosion 

accelerated  fatigue  testing  to  determine  the  effects  were  found  that  had  not  been  previously 
of  corrosion  on  structural  integrity,  (4)  Help  in  identified: 

the  identification  of  structural  components  that 

may  be  candidates  for  life  extension/ major  1.  Inside  surface  of  lower  wing  skin  where 

modification,  repair  or  replacement.  the  steel  main  landing  gear  support  trunnion  is 

attached.  Figure  10  is  a  photograph  of  the  severe 
Data  from  the  1 972  teardown  inspection  of  the  pitting  corrosion  on  the  top  surface  of  the  “new” 

KC-135  cyclic  test  aircraft,  C/KC-135  history,  lower  wing  skin  where  the  steel  main  landing 

commercial  teardown  inspections  of  Boeing  gear  trunnion  is  bolted  between  the  top  and 

707/Boeing  737  airplanes,  and  Commercial  bottom  wing  skins.  The  deepest  pits  were 

Aging  Fleet  Service  Bulletins  were  reviewed  to  approximately  0.06  inch  deep  in  the  0.54-inch 

hdp  identify  potential  sections  on  a  KC-135  thick  skin, 

aircraft  which  would  be  most  likely  to  exhibit 

corrosion,  stress  corrosion  and  fatigue  damage.  2.  Faying  surfaces  of  wing  skins  and  wing 

Particular  emphasis  was  put  on  sections  of  the  spar  caps  where  upper  and  lower  wing  skins  are 

aircraft  that  are  difficult  to  inspect  or  which  have  attached  to  the  front  and  rear  spar.  Figure  1 1  is  a 

no  access  for  visual  inspection.  As  a  result  of  this  photograph  of  corrosion  between  the  lower  skin 

review,  a  list  of  300  aircraft  sections  and  the  wing  spar  caps. 

(approximate  size  4’  by  4’)  was  developed  and 

rated  based  on  damage  mechanism,  probability  of  3.  Buried  intergranular  corrosion  around 

damage  and  inspeetion  accessibility.  wing  skin  fasteners.  T)isassemblv  experience 

showed  that  there  is  layered  intergranular 

The  sections  to  be  disassembled  were  marked  on  corrosion  when  corrosion  is  present  on  the  wing 

the  aircraft  that  was  located  at  Davis  Monthan  skin  surfaces  and  is  often  present  even  when  no 

AFB  AZ  (Figure  9f  The  sections  were  cut  and  surface  corrosion  is  observed.  Figure  12  is  a 
shipped  to  Boeing  Defense  and  Space  Group,  cross-sectional  cut  through  a  wing  skin  fastener 

Wichita,  KS,  for  further  processing.  At  Boeing,  hole  showing  surface  corrosion,  as  well  as  under 
the  sections  were  photographed,  disassembled,  all  the  fastener  hole, 
the  paint  stripped  and  all  corrosion  and  cracks 

found  were  entered  into  a  database  and  the  results  Since  it  has  been  confirmed  that  severe  hidden/ 
are  being  published  in  a  series  of  documents.  To  inaccessible  eorrosion  was  found  on  the 

date,  230  of  the  sections  have  been  disassembled  disassembled  aircraft^  it  can  be  assumed  that  it 

with  the  results  of  2 1 8  of  these  released  in  8  also  exists  on  other  aircraft  in  the  fleet.  As  a 

documents.  It  is  expected  that  the  remaining  result,  the  following  major  issues/questions  arise: 

sections  will  be  completed  in  early  1995.  (a)  methodologies  to  detect  and  quantify  this 

hidden/inaccessible  corrosion  are  urgently 

Corrosion  on  the  parts  is  being  classified  as  light,  needed,  (b)  to  what  degree  does  this  corrosion 

light  to  moderate,  moderate,  moderate  to  severe  degrade  the  structural  integrity?  (c)  what  are  the 

and  severe,  with  the  corresponding  d^ths  of  this  growth  rates  of  this  corrosion?  ana  (d)  what  is  the 

corrosion  being  defined  as  less  than  .001 ,  .001  to  actual  structural  life  or  economic  life  of  the 

.003,  .001  to  .01,  .008  to  .012,  and  greater  than  aircraft  with  the  effects  of  corrosion  now 

.01,  respectively.  From  the  230  included? 

sections  documented  to  date,  there  were  966 

records  generated  in  the  database  detailing  results.  3.  Corrosion/Structural  Integrity  Testing  and 
One  hundred  forty-nine  of  these  records  had  Analysis 

instances  of  severe  corrosion,  99  records  had 

moderate  to  severe  corrosion,  475  had  moderate  The  estimates  of  structural  life/fatigue  life 

corrosion,  619  had  light  to  moderate  corrosion  presented  by  aircraft  manufacturers  do  not 

and  795  had  light  corrosion.  There  were  16  include  the  material  strength  degradation  effects 

instances  of  stress  eorrosion  cracking  and  17  of  corrosion.  Tests  and  analyses  are  based  on 

instances  of  fatigue  crackinjg  on  the  sections  pristine  aluminum  structure.  Also,  the  USAF 

documented  to  date.  Over  70  areas  of  the  aircraft  Aircraft  Structural  Integrity  Program  (ASIP)  and 

have  been  identified  as  needing  better  repair  Damage  Tolerance  Analysis  (DTA)  procedures 

techniques,  more  rework  allowables,  and  better  do  not  include  considerations  of  how  corrosion 

maintenance  procedures,  or  have  been  identified  may  alter  fatigue  crack  nucleation  (initiation)  and 
as  potential  service  life  extension  program  accelerate  crack  growth  rates.  It  is  recognized 
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that  to  be  able  to  maintain  C/KC-135  structural 
integrity  to  2040  the  effects  of  corrosion  and 
comoined  effects  of  corrosion  and  fatigue  need  to 
be  determined.  Therefore,  the  objectives  of  this 
element  are  to  access  the  effects  of  corrosion  on 

S'"  '■  ue  life  and  crack  growth  rates  of  C/KC-1 35 
age  lap  joints  and  upper  wing  skins. 

Strategy 

Initially,  it  is  planned  to  conduct  two  types  of  test, 
stress  vs.  fatigue  cycles  to  failure  (S-ISQ  and  crack 
propagation  fatigue  tests  (da/dn  vs.  K)  in 
corroded  material.  The  (S-N)  test  data  will  be 
used  to  determine  a  prelimina^  fuselage  lap  joint 
relative  life  factor.  Boeing  will  use  the  relative 
life  factor  to  revise  C/KC-135  fuselage 
structural/economic  life  estimates.  Specimens 
will  be  cut  from  old  C/KC-135  aircraft  with  and 
without  natural  corrosion,  as  well  as  lab  grown 
severe  corrosion.  Fuselage  1^  joint  specimens 
will  be  from  2024-T3, 2&4-T4  and  7075-T6 
materials.  Wing  skin  specimens  will  be  from 
7 1 78 -T6  material .  Complete  fractographic  and 
corrosion  quantification  analysis  will  also  be 
conducted. 

S-N  Fatigue  Testing 

The  S-N  fatigue  testing  of  select  C/KC-135 
fuselage  lap  joint  structure  is  for  the  purpose  of 
determining  a  preliminary  assessment  of  fatigue 
life  degradation  due  to  faying  surface  corrosion. 
Test  results  will  provide  an  initial  estimate  of 
aircraft  service  life  reduction  due  to  corrosion. 

“Natural”  (as-received)  and  “severe”  (artificial! 
corrosion  life  reduction  effects  will  be  assessed 
through  interpretation  of  resulting  S-N  curves 

Sure  13).  specimen  relative  life  ratios  will  be 
ied  (as  a  first  approximation)  to  actual 
uncorroded  aircraft  service  life  to  calculate 
corroded  service  life.  Subsequent  testing  may 
refine  this  estimate  if  this  test  effort  demonstrates 
that  life  reduction  effects  are  significant  or  cannot 
be  accounted  for  by  simple  stress  level 
adjustments. 

Test  specimens  are  TYPE  1  joint  structure  as 
defined  in  Figure  14,  and  will  be  the  only  joint 
configuration  tested  due  to  current  material 
availability.  Depicted  is  the  top  10  of  a  possible 
195  unique  C/KC-135  fuselage  lap  joint  types. 
These  1(J  types  have  been  identified  as 
comprising  approximately  56%  of  the  total  length 
of  all  fuselage  lap  joints  and  reflect  different 
skin/doubler  configurations^  alurninum  alloys, 
heat  treatment  conditions,  skin  thicknesses, 
number  of  fastener  rows,  fastener  types,  fastener 
diameters,  and  fastener  patterns. 

The  TYPE  1  configuration  has  been  selected 
based  on  material  availability  alone,  and  not  as 
being  any  more  susceptible  or  prone  to  corrosion 
problems  than  any  other  lap  joint  type.  A  total  of 


forty-eight  fuselage  lapjoint  specimens  will  be 
fabricated  per  Figure  15. 

All  specimens  will  be  NDI  inspected  after  final 
fabrication  to  establish  NDI  baselines  for  the 
uncorroded  specimens  and  to  aid  in  selecting  the 
specimens  for  artificial  corrosion.  Artificially 
corroded  specimens  will  be  NDI  inspected  a 
second  time  prior  to  test  to  establish  NDI 
baselines.  Constant  amplitude  testing  will  be 
conducted  with  three  different  maximum  cyclic 
stress  levels  (9, 12,  15),  R-ratio  =  +0.1,  room 
temperature  (65-85  degrees  F),  85%  minimurn 
non-condensmgrelative  humidity,  and  lOhz  sine 
wave  loading.  Between  four  and  six  replications 
will  be  initially  tested  for  each  data  point  All 
specimens  will  be  disassembled  after  testing  for  a 
visual  and  fractographic  examination  to  define  the 
onset  of  “failure  ,  and  to  supply  NDI  verification 
data. 


Crack  Growth  Rate/Crack  Propagation 

Testing 

This  test  plan  details  the  constant  load  fatigue 
crack  growth  rate  test  requirements  of  “as- 
received”  and  “artificially  corroded”  C/KC-135 
fuselage  and  upper  wing  skin  materials.  “As- 
received”  and  ^‘artificially  corrqded”  fatigue  crack 
growth  rate  data  for  four  materials,  two  degrees  of 
humidity  and  two  cyclic  frequencies  will  be 
recorded.  Comparisons  within  this  contemporary 
data  set,  as  well  as  to  existing  data,  will  provide 
the  basis  for  calculating  analytical  crack  growth 
parameters  for  corroded  and  uncorroded  C/KC- 
135  aircraft  fuselage  and  upper  wing  skin 
material.  Testing  will  be  conducted  at  multiple 
laboratories,  anciBoeing  Wichita  will  fabricate  all 
test  specimens.  General  testing  practices  and 
procedures  will  conform  to  ASTm  E647-93.  The 
test  specimens  will  be  ASTM  E647-93  Middle 
Tension  specimen  fabricated  from  C/KC-135 
material.  Sufficient  grip  end  area  is  provided  to 
facilitate  hydraulic  gripping.  The  specimens  will 
be  locally  polished  to  facilitate  optical  crack 
length  measurements  (two  sides  of  the  “as- 
received”  and  one  side  of  the  “artificially 
corroded”).  The  starter  notch  will  be  wire  cut. 
Artificial  corrosion  will  be  on  the  “exterior” 
(relative  to  the  airplane)  surface  only.  Test 
specimen  material  is  from  U  S  Air  Force  provided 
retired  C/KC-135  aircraft.  Specifically,  2024-T3^ 
2024-T4,  and  7075-T6  fuselage  skin  material  and 
7178-T6  upper  wink  skin  material  will  be  tested. 
Nominal  fuselage  skin  thicknesses  range  from 
approximately  0.040”  to  0.100”.  Nominal  upper 
wing  skin  thicknesses  range  from  approximately 
0.060”  to  0.350”. 

Corrosion  Degree  and  Type 

Specimens  will  be  tested  in  the  “as-received”  and 
“artificially  corroded”  corrosion  states.  An 
attempt  will  be  made  to  find  and  test  specimens 
with  natural  corrosion.  The  problem  is  trying  to 


24-6 


find  large  enough  naturally  corroded  panels  to 
make  specimens  that  are  free  of  fastener  holes. 

Test  and  Loading 

All  testing  will  be  continuous  and  at  room 
temperature  (65-85  degrees  F).  “Dry” 
environment  is  defined  as  being  less  than  1 5% 
relative  humidity.  “Wet”  environment  is  defined 
as  being  non-condensing  and  greater  than  85% 
relative  humidity.  All  humidity  data  should  be  at 
the  environmental  chamber  exhaust.  High 
humidity  vapor  should  be  provided  by  bubbling 
“clean”  laboratory  air  through  a  column  of 
ASTM  D1 193  Type  III  or  better  reagent  water. 
Loading  will  be  constant  amplitude  sine  wave. 
Pre-cracking  cyclic  stress  levels  shall  be  75%  of 
the  maximum  cyclic  stress  levels,  and  extend  the 
starter  notch  from  0.350  inch  to  0.450  inch. 

Future  Test  Plans 

A  number  of  tests  are  planned  and  will  be 
implemented  as  funding  becomes  available; 
Natural  Corroded  Specimen  Testing  Spectrum 
Loading  Tests,  Full  Scale  Fuselage  Panel  Tests, 
Full  Scale  Wing  Section  Tests,  Residual  Strength 
Tests  of  Corroded  Specimens. 

4.  Corrosion  Growth  Rate  Testing  and  Analysis 

It  is  imperative  that  corrosion  growth  rates  be 
determined  to  be  able  to  predict  the  future 
occurrence  and  severity  m  areas  like  the  faying 
surfaces  of  lap  joints  on  C/KC-135  aircraft. 
Attendant  witn  determining  growth  rates  is  the 
identification  of  the  variables  that  influence 
growth  rates  such  as  material  and  environment. 

To  conduct  the  required  corrosion  growth  rate 
testing,  lap  Joint  specimens  will  be  manufactured 
from  new  material  and  material  taken  from  retired 
C/KC-135  aircraft  and  placed  in  locations 
worldwide  that  coincide  with  C/KC-135  aircraft 
operations.  The  specimens  will  be  examined  at 
the  test  location  and  selected  specimens  will  be 
returned  periodically  for  invasive  examination. 
Data  will  be  collected  and  analyzed  to  determine 
the  corrosion  growth  rates  in  the  lap  joint 
specimens.  Tests  will  generally  follow  the 
uidelines  of  ASTM  G-50.  Modifications  have 
een  made  where  necessary  to  accommodate  the 
specifics  of  this  test.  If  available,  new  technology 
corrosion  sensors  and  detectors  will  also  be 
installed  on  the  specimens  to  record  additional 
corrosion  data. 

In  determining  which  sites  to  use  for  this  test, 
three  factors  were  considered:  first,  presence  of 
an  active  runway;  second,  environmental 
conditions  and  ejected  corrosion  damage  (based 
mon  “PACER  LIME”  an  Environment^ 
Corrosion  Severity  Classification  System”);  and 
third,  whether  C/KC-135  aircraft  operate  at  the 
location. 


Kure  Beach,  North  Carolina,  was  selected,  but 
does  not  meet  the  criteria  listed  above.  It  was 
selected  since  it  is  a  commercial  corrosion  test 
facility.  All  of  the  other  sites  selected  have  been 
determined  to  be  representative  of  worldwide 
C/KC-135  operating  environments.  The 
following  sites  have  been  tentatively  selected: 

Expected  Very  Severe  Corrosion  Sites: 
a.  Elmendorf  AFB,  Alaska,  b.  Kure  Beach, 
North  Carolina,  c.  Hickam  AFB,  Hawaii,  d. 
KadenaAB,  Japan 

Expected  Severe  Corrosion  Site: 

Aviano  AB,  Italy 

Expected  Moderate  Corrosion  Sites: 
a.  Fairchild  AFB,  Washington,  b.  Howard  AFB, 
Canal  Zone,  c.  Ramstein  AB,  Germany,  d. 

Tinker  AFB,  Oklahoma 

Expected  Mild  Corrosion  Sites: 
a.  Davis  Monthan  AFB,  Arizona,  b.  O’Hare 
AFB,  Illinois. 

An  initial  test  involves  placement  of  specimens 
representative  of  C/KC-135  lap  joints  and  upper 
wmg  surfaces  in  Riyadh  and  Jedd^  Saudi  Arabia. 
Vdiile  the  test  is  programmed  for  five  years,  a  ten 
year  supply  of  specimens  will  be  put  in  place  to 
allow  for  a  five  year  extension  to  the  program. 
Each  year  a  predetermined  number  of  specimens 
will  be  returned,  nondestructively  inspected, 
disassembled,  analyzed,  and  assessed. 

5.  Integrated  Corrosion  Data  Base  (ICDB): 

The  integrated  Corrosion  Data  Base  (ICDB)  is 
essentiaUy  an  information  management  system. 

It  will  store  only  that  data  that  is  not  stored  on 
other  systems  and  devote  the  remainder  of  its 
functions  to  accessing  and  retrieving  information 
jfrom  other  “legacy”  systems.  It  will  provide  for 
information  collection  from  the  Program  Depot 
Maintenance  (PDM)  line  via  the  Boeing  built 
Graphically  Enhanced  Corrosion  Information 
System  (GECIS)  and  be  able  to  handle  the 
automated  processing  of  the  engineering 
discrepancy  forms^  AFMC  Form  202.  It  will 
house  and  manipulate  all  the  information 
collected  in  the  test  programs  to  allow  for 
analysis  of  that  information.  In  turn,  this 
information  will  be  feed  into  the  predictive 
models  for  corrosion  formation  that  will  also  be 
housed  in  ICDB.  ICDB  will  also  provide  “by¬ 
tail-number”  comparisons  of  damage  and 
previous  repairs  as  well  as  tracking  of  parts 
required  for  upcoming  PDMs. 

It  leverages  a  number  of  systems  already  in  place 
and  programs  currently  in  operation  in  order  to 
minimize  the  cost  associated  with  the  ICDB.  All 
of  the  equipment  and  legacy  systems  from  which 
it  will  draw  information  are  already  in  place. 
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This  includes  the  primary  sever.  Also,  the 
resources  of  other  programs  such  as  the  Integrated 
Data  Strategy  (IDS)  are  being  taped  to  obtain 
funding  for  additional  equipment  and  functions. 

The  complete  ICDB  has  not  yet  gone  on  contract, 
but  will  be  a  valuable  asset  to  the  C/KC-135 
engineering  office,  and  will  be  completely 
transportable  to  other  weapon  systems. 

The  KC-135  has  been  around  for  over  thirty 
ears,  but  virtually  very  little  maintenance  data 
as  been  collected  over  these  years  that  is 
sufficient  to  assess  the  overall  corrosion 
condition..  A  system  is  currently  being 
developed  by  Boeing  Wichita  to  insure  more 
accurate  data  input  without  increasingthe 
workload  of  maintenance  personnel.  This  system 
is  called  GECIS  (Graphically  Enhanced 
Corrosion  Information  Systern).  GECIS  utilizes 
graphical  images  of  the  aircraft  to  allow  the 
aircraft  inspector  to  point  and  click  to  the 
particular  part  of  the  aircraft  of  interest  before 
going  to  the  data  input  screen.  The  coinputer  will 
identify  the  work  unit  code  at  this  location  and 
automatically  log  it  into  the  fonn.  A  graphical 
interface  is  used  throughout  this  system  to  help 
reduce  the  reliance  on  the  mechanic/inspectors 
ability  to  accurately  lookup  and  input  data.  In 
addition,  the  system  will  have  tables  of 
information  in  the  database  to  link  particular 
location  of  the  aircraft  with  the  Illustrated  Parts 
Breakdown,  Repair  Manuals  and  Rework 
Manuals.  The  development  of  this  system  is 
currently  in  progress  and  a  prototype  should  be 
completed  in  early  1996. 

6.  Corrosion  Predictive  Modeling 

Concept  Development 

There  has  been  virtually  little  work  in  the  field  of 
corrosion  modeling  and  prediction  which  can  be 
directly  applied  to  prediction  and  modeling  of 
environmental  corrosion  of  C/KC-135  aircraft 
structure.  Specific  corrosion  data  for  C/KC-135 
structure,  or  any  aircraft  structure,  is  not  readily 
available.  However,  a  variety  of  existing 
information  sources  exist,  including  Depot 
overhaul  in^ection/repair  information  and 
individual  C/KC-135  operational  and 
maintenance  reports  that  could  be  used  to  provide 
some  insight  concemii^  the  occurrence  of 
corrosion  on  C/KC-135  aircraft. 

This  approach,  developed  by  ARINC  Research 
Corp,  will  consist  of  the  concurrent  development 
of  a  Statistical  Model  (SMI,  a  Mechanistic 
Model  (MND,  and  a  Probabilistic  Model  (PM), 
Figure  16.  Generally,  the  SM  will  address 
corrosion  at  the  aircraft  fleet  level  and  will  use 
actual  aircraft  data  to  determine  the  probability  of 
corrosion  occurring  on  specific  C/KC-135 
components  (e.g..  Stringer  19,  Bulkhead  Station 
360-420  RH)  based  on  the  number  of  ground-air- 


ground  (GAG)  cycles,  environmental  exposure 
experienced  by  the  aircraft,  and  other  measurable 
variables.  If  there  is  information  from  aircraft 
disassembly,  assumptions  will  be  made  based  on 
information  availability.  The  MM  will  address 
corrosion  at  the  material  and  component  (e.g.,  lap 
seams)  levels  to  determine  the  rate  of  corrosion, 
the  extent  of  corrosion,  where  corrosion  can  be 
expected  to  occur  in  relation  to  environment  (e.g., 
temperature,  pH),  and  the  effect  of  corrosion  on 
the  structural  integrity  of  the  aircraft  based  on 
material  properties,  includii^  corroded  and  virgin 
material,  and  structural  configuration.  The  PM 
will  integrate  information  on  the  C/KC-135 
corrosion  process  from  the  SM  and  MM  to 
develop  the  probability  distribution  functions 
which  will  relate  certain  measurable  variables 
with  the  probability,  over  time,  of  certain  levels 
of  corrosion. 

Assumptions 

The  magnitude  of  modeling  corrosion  on  the 
C/KC-155  is  such  that  certain  assumptions  must 
be  made  to  place  bounds  on  the  problem  so  that 
work  can  progress  in  a  timely  marmer.  The 
assumptions  and  guidelines  necessary  to  limit  the 
initial  scope  of  model  development  are: 

Only  worst  case  scenarios  of  corrosion  will  be 
addressed,  and  the  aircraft  component  studied 
will  be  the  simple  lap  seam. 

CONCLUSIONS 

Corrosion  currently  is  a  serious  maintenance 
problem  on  many  U  S  Air  Force  aircraft  and 
especially  the  C/KC-135  and  it  is  gettii^  worse. 

If  the  C/KC-135  and  many  other  aircraft  are 
expected  to  remain  airworthy  three  to  four  times 
their  original  design  life,  then  the  combined 
effects  of  corrosion  and  fatigue  will  reduce 
structural  integrity  and  catastrophic  structural 
failures  are  predicted  unless  the  corrosion  is 
found,  fixed  and/or  eliminated.  Corrosion  may 
very  well  prove  to  be  one  of  the  major  life 
limiters  of  aging  aircraft. 

In  this  OC-ALC  Aging  Aircraft  Corrosion 
Program,  a  plan  has  been  developed  to  acquire  the 
necessary  engineering  data  to  determine  the 
location  and  severity  of  C/KC-135  corrosion, 
determine  corrosion  growth  rates,  determine  the 
effects  of  corrosion  on  structural  integrity, 
develop  models  to  predict  future  corrosion, 
document  corrosion  occurrences  and  finally 
rovide  information  to  support  a  C/KC-135 
ervice  Life  Extension  Program.  Many  of  the 
results  of  this  program  are,  and  will  be,  applicable 
to  other  aircraft  and  will  benefit  the  worldwide 
aviation  community. 
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FIGURE  9.  EC-135H  Aircraft  Marked  for  Cutting  FIGURE  10.  Severe  Corrosion  on  Lower  Wing  Skin 


FIGURE  1 1 .  Corrosion  between  Wing  Skin  and  Spar 


FIGURE  12.  Intergranular  Corrosion  on  Wing  Skin 
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S/N  Fatigue  Relative  Life 


Number  of  Cycles  lo  Failure 


FIGURE  13.  Relative  Corrosion  “Life  Factor” 


Notes:  Al  lasicncrs  sr*  coumersonii  rivets  -  6/32'  Oia.  unless  otKerwise  noted 
Sh.vlwJ  areas  d«slgnaie  amouni  or  each  type  ot  lap  sptec  joint  octween 
Oocfr  Slaiionj  360  and  1130  lihq  larwa<0n>osl location  tor  sor>ic  straps), 

FIGURE  14.  C/KC-135  Fuselage  Lap  Joint  Types 
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FIGURE  15.  Typical  Fuselage  Lap  Joint  Test  Coupon 


FIGURE  16.  Three-Part  Corosion  Model 
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